]

|

oy M <.
Y (NASA=CE=145€676) EIECTROMAGNETIC WAVE N76-13591

ENERPGY CCNVEFSICN RESIARCH. Final Repcrt, 1

L Apr., = 30 Sep, 1975 (Florida Univ.,) 119 p

A HC $5.5( CsCL 14 Unclas

}j G3/44 05323

Rt

i NE 1975

2 RECEIVED

NASA ST FaciiTy
INPUT BRANCH

College of Engineering

University of Florida_

4
| | I Gainesville
i

ENGINEERING AND INDUSTRIAL EXPERIMENT 'STATION .

S S

ar il o

E




R S E e S e

]

¥inal Report
FLECTROMAGNETIC WAVE
ENTRGY CONVERSTON RESEARCH

Grant. No. NSG-5061.
April 1, 1975 - Sept. 30, 1975

(UF Project No. 2451-E43)

September 30, 1975
To

National.Aeronautics And Space Administration
Goddard Space Flight.Center .

Greenbelt, Maryland

Submitted By
University of Florida
Engineering and Industrial Experiment Station

Gainesville, Florida 32611




'x
l‘

SIGMATIRE SHEET

PRINCIPAI, RESEARC HERS

Robert L. Bailey

Principal Investigator

Associate Professor

Department of Elcctrical Engineering

Dr. Philip S, Callahan

Entomologist

TISDA

Insect Attractantis, Behavior,
and Pasic Biclogy laboratory

APPROVED BY

—— . ettt e st

0 2ok ge—

Dr. Eo R. Chenet te .
Chairman )
Department o" Electrical Engineering

Mok %aém

Dr, Markus Zahn

Lssociate Professor

Tiep: rtment of Electrical
“ngineering

L_(b re [l (/ (1 f/k

JOr. Derrell L. Chamters

Iractor !
USDA laboratory

Jourtesy Associate Professor .

nisersity of Florica




ABSTRACT

This short carly research effort was undertaken to strengthen the
scientific base. for the Electromagnetic Wave Energy Conversion (EWEC)
invention (U. S. Patent No. 3,.760,257) . . Such advanced research, it.is
believed, could ultimately lead to ¢reation of a useful new. family of
high efficiency direet solar-electric.converters. Such converters
would exploit the well-known wave theory of light interacting with.
optically rough surfaces composed of tapered. absorber elements .many
wavelengths long,

This initial theoretical research focussed on.the -EWEC absorbers,
as they are an important critical element of the EWEC concept. The
other critical elemerit, the rectifier, is not dealt with in this
research.

An extensive literature search revealed abundant published scien-
tific evidence supporting the notion of electromagnetic waves. inter-
acting with rough surfaces. The relevant resear-h literature is
summarized for the first time.

The research plan was to first study known electromagnetic wave
absorbing structures found in Nature for. clues of how one might later
design large area man-made radiant-electric converters. It lead to
studying. the electro-optics of insect dielectric antennae.. Considerable
new theoretical insights were achieved into how these antennae probably
operate in the infrared 7-l4um range, though substantially more--

theoretical and experimental--must be done for the insight to be com-~
plete.

EWEC theoretical models and rele.ant cases are concisely formulated
and justified for metal and dielectric absorber materials. Finding the
electromagnetic' field solutions to these models represents a major tech-
nical problem not yet solved. Their later solution will lead to new
insights into the technical requirements for both rough surface 'solar-
thermal absorbers (''Selective Surfaces") and solar-electric converters.

A rough estimate of losses in metal, solid.dielectric, and hollow
dielectric waveguides indicates future radiant-electric EWEC research
should aim toward. diélectric materials for maximum conversion efficiency

The research also revealed the absorber bandwidth. is a theoretical
limitation.on radiant-electric conversion-efficiency. Ideally, the .
absorbers 'wavelength would be centered. on the irradiating spectrum and
have the same bandwith as.the irradiating wave.

The EVEC concept appears. to have a valid scientific basis, but.
considerable more research.is..needed before it is thoroughly under-




stood, especially for the complex randomly polarized, wide-band, phase.
é incoherent spéctrum of the. sun. .. Specific recommended research arcas
g are ildentified.

KEY WORDS: Solar, Solar-electric, Solar-thermal,
Electromagnetic Wavés, Electromagnetic
Wave Energy Conversion, Electro-optics,
Wave-Surface Interactions, Dielectric
Antennae, Selective Surfaces.
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Chapter 1

INTRODUCTTON ...

The Scope Of The Present Research Grant 1s limited specifically to the

absorbers on a new. type of. direct solar converter. Before treating the
details, it is important to realize this advanced energy résearch udder- .
taken at the University of Florida is embedded in the larger national
cnergy Research and Dvelopment effort, and we should have this perspec-
tive succinctly in mind at the beginning.

The National Energy Problem has been generally known for some years. The

United States, and other countries, face sérious energy crises as fossil
fuels are being rapidly depleted.

Projections of five fold increases in total U.S. energy needs are
forecast for the year 2020 [83].

The early 1970's has seen a large number of eénergy alternatives
examined, many for the first time on a serious basis. The alternatives
examined by various groups and individuals have ranged from.restudying
conventional energy. sources and systems, €.8. coal-electric, to the ad-
vanced systems, e.g. large-scale gsolar-electric systems spun off from
the Space Program.

OQur only inexhaustible energy-alternative, solar energy, is preésent=
ly experiencing renewed interest and is. in. 1975, in toto, a rapid growth
industry, particularly solar water heating and house heating. This
growth industry, for all practical purposes, started with the late 1972

publication of a carefully. conceived U. S. Snlar Research and Develop-
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mént plan [82] advanced by the NSF/NASA Solar Energy Pancl, This was .

the first ecoherent solar R & D plan advanced for the pation, toohnical

efforts prior to 1972 having largely been uncoordinated lnboars of love

by a few solar pionecers. The report's recommendations are presently

being implemented by variaus U. §. private entervrise, industry, gov-

ernment, (ERDA, NASA, et al), and univergity groups. In each recent

year government funds allocated for solar encrgy related technology have

grown significantly.

The Case For Terréstrial Solar-Electric Conversion was authoritatively

Briefly

made in the NSF/NASA Solar Energy Panel work and Réport.

summarized:

C ) Total U. S. Energy Resources Used To Produce.Electric Energy
in 1960 were about 13.9 x 1015 BTU. out of a.total of
64 x 1015 BTU. Thus to produce electric energy we used
about 21.7 percent of our total energy resources. The
remainder was principally used.in heat related forms [831.

@ The Percentage of Energy Resources Needed To Produce The
Future Llectric Energy required for the U. S. is

expected to increase to about 55 percent by 2020 A.D.

[83]

£ electric energy needed
percentage of the nation's
111 place great stresses on:

o Meeting The Numerical Increase o
while also demanding a greater
etlergy be in.electrical .form w

A Our fossil fuel resources.

A The nation's utility companies - both investor- _
owned- and government subsidized.

A The environment.

A Our financial resources.

There is grave doubt we shall, in fact, be able to install
in time the enormous electric plants required by simply
extending prior technology. A faltering of the breeder
reactor. program, ofn which. the.government is principally
depeénding to meet the mid 1980's increase,.may be di-
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gastrous to. the country unlesd wé have other bulk .endrgy

aptilons available,

Total. Arviving Solar Fpergy. within U, §. Contdinental limits
in a year exééeds the presént total cnergy required to.
ruii the -country by a factor of more than 600 (a very
conservative eatimate). .On a clear day. the -sun's intéensity. .
at the earth'é'gurface~on.an area normal to the sun's rays
is about 1 KW/MZ. There is.more than eénough solar.energy
available to. géneraté the nation's entire électric power..
The -problem 18 to Find how to economically do.it.- The.
Panel's report proposed R and D needed leading to pogsible ..
practical solutions to this national. problem. —

Central vs On-Site-solar generation of electric power was
examined, R and.D programs were recommended for both areas.
Electric power generated by either method.would .relieve
electric utility companies and minimize use of precious
fossil fuels.

Centralized Terrestrial Solar-Electric Generation of bulk
power was shown to be attainable with a rélatively.
modest R and D investment by the nation.

On-Site-solarlv generated electric. power will. be possible .in
many U. $. areas where weather conditions are favorable..
The energy converter might be golar cells, though this
present-art approach requires lowering their cost several
orders-of-magnitude yet before widespread .use of on-site
électric power generation is attained.

No Significant Pollution by-products or environmental
effluents are inherent to either. central or on-site
solar-electric generation -- a major advantage of
solar. enérgy utilization.

Cost Per KWH of central solar. generated electrie power. is-

presently estimated to be several times that of fossil
fuel electricity. R and D-is expected to decrease. the
cost substantially. Also presént rising fossil fuel
cost trends hasten the day when solar generated power
can be compétitive with_conventional. electric power.

Known Most Promising Méthods of terrestrial solar-eléctric
conversion for genérating bulk power are:

A Solar Thermal Methods, principally using
large arca thin films and "the greénhouse

'
S
b
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effect' to achieve high.temperatures required
for convertional boiller-turbine-generator
systems,.

A Direct Conversion Via Solar Cells exposcd to the
sun in large arcas (kilometers squarc {or
central plants.-- a few square meters for
buildings).

A Solar -Treé Farms in which the sun's ¢nergy. 15
stored"as wood and later.burned in a conven=
tional.ecléctric power plant.

Many other significant.faets -+ too numerous to relate-here --
bearing on the concepts of both central and on-site solar=electric power
plants =- including the difficult problem of energy storage -- also
emerged in. the.Solar Energy Pan2l work and report [82],

Direct Conversion of the sun's energy to electricity has long been rec-

ognized by many researchers as .a desirable. direction to proceed. A simple. .

calculation reveals that were practical direct solar-electric converters
available on a large-scale, in_the U. S. alone a market potential of
many billions of dollars could be opened up. The large-scale arrival
of such converters would have enarmously beneficial social and other
impacts and permit direct.utilization of our only source of energy in-
come -- the sun.

However, virtually all who have realistically approached .the prob-
lém of creating practical high efficiency direct solar-clectric convert-
ers have recognized the gréat technical difficulty of. the problem..
Diréct convérsion of radiant.energy to electricity is substantially more

technically sophisticdted and less undérstood.than conversion to heatoe

energy forms, which facts partly account for why such converters are




not yet. avallable on a large-scale.

Direct golar elcecetrié converslon aethioda presently are classified

e T

as 'Advanced' {n nature, as fhere is no presént widespread implementa-
tion of such methods,
The principal présent-art solar-electric converteér is the silicon 1

solar cell, largely carried to its present state.of developmént by the

U. S. Space Program. Such $olar .cells. are now charicterized by high

cost and, at best, a solar-to=electric power conversion efficiency of —

15 percent [39] with a theoretical maximum.of about 24 percent. Solar
cell conversion efficiency has remained ncarly static in the 13-15.
percent range since about_1962,

A Basically New Direct Approach appeared to be needed for.converting

radiant energy to.useful electrical energy if significantly higher

conversion efficiency was ever to be achieved along with the-attendant
beneficial social effects inherent in direct solar conversion.

Such a new concept was first advanced by Bailey in.. 1968 while.
? ) engaged in research. at Goddard Space Flight Center (4] [3].. It ig.called
2 the. Electromagnetic Wave .Fnergy Converter. (EWEC) and was cited specifi-

cally in the 1972 Solar Energy Panel Report as an example for which

"research into new methods .of solar energy conversion. should.be

e tndfanditian. s

initiated"; but unfortunately this important and potentialiy significant .
research did not get started on a serious basis until the present

' _ grant, . 1

Thé EWEC converter concept is briéfly described in Chapter 2.
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thapter 2
3 THID EWEC CONCEPT SUMMARIZED
A Summary of. the Elcctromagnetlc Wave Energy Conveéerter (EWEC) coneept
13 made herc because of.its relative newness to researchers and others.
- The details are in Balley's publications [L] [2] 131.

A Central Idea of the new FWEC concept is to attempt making use of the ]

ERgEAT A L

classical wave properties-of the electromagnetic ‘radiation impinging on.

the converter. The use of wave properties of electromagnetic radiation

is well established in radio, radar, .antenna, and allied arts, priuncipal-

ly for transmitting and receiving sighals.
The . theory that visible light is a wave phenoinenon is at least as.
old as the Dutch. physicist, Huygens (1629-1695). Classical._wave thecory

was thus well developed in optics and physics long before the more recent

o dpm e

N

quantum . approaches appeared. lvery modern physics student knows of. the

dual wave-particle nature of electromagnetic radiation; nevertheless,

it has been somewhat surprising -~ and distressing -- to us throughout
this research to find many practicing technical people having philo—-
sophical difficulty accepting the wave viewpoint, especially as one

enters the infrared and visible ranges.

e T e

Since the physics of modern silicon solar cells -- which is now a
. well established technology ~-- is based entirely on utilizing the quantum

properties of the incident radiation, it is clear that any radiant cenergy

lWe find it helpful to ask such people, "fxplain how an ordinary antenna.
works using quantum theory." We freely coufess our inabilicy.te do so!
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such cells -- both. in theory and physical embodiment,. 1t should not,
therofore, be. surprising for thosé familiar with conventional solar cells
to at first experience some strangeness when dealing with the newer FWEC
concepts.

The idea of extending wavé absorption techniques and embodiments
well~known in.the radio frequency region for signal absorption to the
shorter infrared and solar ranges for man-made useful power conversion
was first conceived by _Bailey [3], as a lengthy literature and two
patent searches have revealed.l Callahan's significant scientific
researches on wave surface interactions on insect antennae2 later strong-
ly reinforced this concept, and, fortunately, the two became colleagues
via the present research grant.

Signal Vs Power Conversion of electromagnetic waves must first be

distinguished before explaining the EWEC concept.

In radar, radio, and communications the principal function of the
receiving antenna is to convert the incident electromagnetic wave to a
useful signal.voltage which is then amplified and later heard (radio). or

seen (TV). Emphasis is on recovery of the signal.. The power conversion

l'l‘hese are summarized in Chap. 4.

2Theéc are summarized in Chap. 5.




-

] .
¢ffictoncy of the antenna {s of sccondary intcrest.

In contrast, the pgygx,conVersjnn efficiency for an arbitrarvy

radiant_encrgy-clectric converter 18 defined as:
N oE Useful Qutput Power ...
Total Radiant Power Tmpinging On Converter

The power conversion cfficiency, n, is of great iportance in radlant

energy-clectric converters, since it directly determines the required

converter area.and hence the. cost for a given output power. It becomes

the absorptivity, o, when one.is dealing with radiant-thermal conversion.

The EWEC Converter is principallynintended for radiant-electric

power conversion, though we. shall see it is also of great theoretical

interest and potential valuye in radiant-thermal conversion.

o shown 4n Fig. 2=1.2 1In Fig.

Ihg;Electromagnetic Wave,Energz'Converter.i

7-1a the_essential elements are seen to be an input radiant energy source

verter. The converter

having an ¢ field 15 propagating into the con

, rectifier 23, filter 24, and load 25

consists of absorber elements 16

1Hence~the reason one does not find figures for 'the efficiency of an

antenna' in antenna literature. There. one is concerned with the 'gain'
of a given antenna with respect to a simple. dipole, but this is not.
the same as the power conversion.efficiency of the antenna being
investigated. Antennas are frequently operated under 'matched imped-
ance' conditions at which point the antenna delivers. its maximum. power
output. with load power equal to the power dissipated in the antenna.
Because of this signal.practice of operating antennas ‘matched,' it

is popularly but. erroneously thought their conversion efficiency.
cannot exceed 50 percent.. An elementary analysis of the Thevenin
equivalent circuit shows an antenna .array can exceed 50 percent

conversion efficiency. o

0,257, Sept. 18, 1973.

2From U. s. Patent 3,76
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FIG. 2-1 Rough conceptudl sketch of new large-area Electromagnetic
Wave Energy Converter (EWEC) absorber that might be created.
The surface would be rough. It would utilize the wave
N properties. of the impinging radiation. The . concept is
principally aimed at solar-energy but may also. have useful
spin-offs for microwave and infrared ranges.

9




into which we desire useful.DC power te appear. The electrice fleld
induces currents in the pyramid or cone shaped absorber clements 6
resulting..in a voltage between. the two absorber clements., 1t d5 con—
verted to a DC power by a rectifier-filter arrangement. For short
wavelengths, in the IR and solar. spectrum range, it is nccessary for
diode 23 to be.physically small with respect to a wavelength so it
appears_approximately. as.a lumped constant component. It also ideally
would have a srall series resistance and large_equivalent parallel
resistance, thus minimizing power losses.

The absorber elements 16 might be of metal or dielectric materials,
depending on whether the converter is to. transform to thermal.ow electric
power. For- operation in IR and solar spectrum ranges, it is desirable
for the elements to be many wavelengths long, principally to give a
narrow absorption beamwidth and to permit the structure to be physically
built.

By arranging the basic converter..of Fig. 2-la into an array-like

structure, we have .Fig. 2-1lb. Here the wave absorber elements 31 are
mounited on a substrate 32 which, in the form shown, is an electrical
insulator. It may be rigid or preferably flexible. The .converter ele-
ments are here shown as lumped constants connected to.multiple loads
135. Each pair of absorber elements, e.g. 3la and 31b, and converter
elements, e.g. 33 and 34, are seen to be comparable to the elemental
system in Fig..2=la. The connections are such that for a vertically

polarized incident ¢ field load voltages appear in columns of loads 1135.

10
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11 E 1s horlzontally polarized, then absorber elements 3le and 31d ab- .
sorbh. the wave . power, convert it in the same way, and feed it to one of
the horizontal. load. resistors.

Thus the .embodiment in Fig. 2=1b can convert either vertical.or
horizontal polarization ¢ fields to useful DC power. If the polarization

of ¢ is arbitrary, then it will always have some componéent in horizontal

or vertical directions. These components will be absorbed and converted, ..

capturing all the energy of the incident € field wave regardless of its
polarization.

Fig. 2-1c shows an extension of the ideas in Fig. 2-1b. Now the
lumped constant eleménts are replaced by their fabricated microelectronic
equivalent, e.g. 36 and 37 from the equivalent of the diode 34 in Fig.
2—1b. Other forms of the rectifier are possible and probably even
desirable, e.g. point contact diodes optimized for the spectral range
being absorbed.

It is clear that the EWEC makes use of carefully shaped and pro-
portioned structures which microscopically would appear 'rough,' i.e.

a forest of small relatively close-spaced conoids or pyramids. Thus
this important wave.absorption embodiment of EWEC. differs markedly
from the smooth surface quantum mechanical concepts of conventional
solar cells and is generally more like structures found in Nature, c.g.

insect antetmacl and eye retinaa in vertebrates.

lSee Chap. 5.

11
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The basic technical ideas of this new inventlon are cmbodicd in
Fig. 2-1. For brevity here, many details are omitted. Such emb Fiments

served as the starting point for the present rescarch grant. We expect
such embodiments to undergo considerable creative reflinement as future
EWEC research progresses and our understanding of it grows. Some modi-
fication possibilities have already been indicated in [3].

Potential EWEC Advantages are believed to be:

C ) High Conversion Efficliency 1In Chap. 9 our elementary
analyses indicate-that 50 percent or greater efficiency
theoretically should be possible, assuming (1) all EWEC
absorber elements are the same length, (2) the EWEC
absorbers are correctly tuned to the principal incident
wavelength, (3) the EWEC converter's .bandwidth is 50
percent or more of the irradiating spectral bandwidth,
and (4) rectifier and absorber losses are.neglected.

Yrown's [8] pioneering tests on large area power
absorbing 'rectennas' at microwave frequencies had a
measured efficiency of 64 percent. No special attempt
appears to have been made, however, to optimize the
absorber elements as is envisioned both desirable and
necessary for EWEC type converters.

So far as we have been able to determine, . the
EWEC invention is the only new radiant energy-electric
converter concept on the contemporary technical scene
with a potential -- but yet unproven -- solar con-
version cfficiency significantly greater than the 24
percent theoretical maximum for solar cells.

Function Separation Capability appears. inherent to the
EWEC concept. This means the absorption of the waves
are essentially independent from the rectification.
Each should thercfore be capable of careful modeling
and optimization.

‘. Power Spectrum Matching Capability also appears inherent
to EWEC converters. Changing the absorber geometry

1 .
The French have an anteuna term, se coller, which, loosely tranclated,

means "the wave 'Sticks' to the antenna' which more accurately
captures the true idea.

12
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by sultable dimensional choices would permit. ‘matching' the
absorpers to the fncident power spectrum. . Present art
semlconductor solar cells are not so conveniently adjust-

able.

o Control of Abserption Beamwidth pattern would be possib S
for the first time. in solar-electric converters.. The
boamwidth 1s the angle of absorptivity at the half power
points. By sultable absorber dimensional choices con-
verters could be made with wide or narrow beamwidths to
meet the engineering requirements for specific applications.
Such control could affect the absorptivity/emissivity ratio.
and Be of considerable importance for. arn EWEC thermal
absorption surface.

o Mechanical.Flexibility of such converters also appears inher-
ent if mounted on a suitable-fléxible.substrate. Flexibility
has long been a sought for goal in solar cell arrays and
applications of solar cells.

@ Mass Production Capabilities - eventually.

The. extent to which these potential advantages can, in fact, be
achieved remains to be scen by future research. We believe the potential
advantages.great enough that a successful EWEC absorber—-converter would
have extremely significant.long-range commercial.importance and value
both to the United States and the remainder of the world.

Potential Applications for EWEC converters, when perfected, might in-

clude:

Radiant-Electric Converters

@ Solar Converters for on-site, neighborhood, and central
generation. of electric power. It is this whole area
where a market potential of many billions of dollars

exists.

@ Microwave Conversion for high power microwave DEAMS. L0 miim

useful clectrical power..

@  laser Beam Conversion to useful clectric power. Some
advanced research in this general area has been dis-
cussed by NASA [2] as a means for transmitting Bulk




power from carth to space vehicles or vice versa. o
cither casce an efficient absorber-converter of the beam
L8 neoded which can handle large power -- of the order
of 10 tlmes the sun's Intensity,

Radiant="Thermal. Converters (By omitting the rectifier)

3 1
f> @ _ Solar Selectilve Surfaces with high abgorptivity/emissivity
F - ratios for use in: i
? A Solar water heatling collectors.
j A Solar house heating collectors.
P A Solar air-conditioning collectors.
[ A High temperature flat plate and focussed.collectors
{ for solar-thermal-electric generation.
%
]
3 It is too early in EWEC rcsearch to have explored these application
-
- possibilities in any depth. These, and other applications, will natu-
[.
:
: rally open up when successful EWEC hardware has been created. 1
< )
i Having thus.introduced the EWEC concept, in Chap. 3 we deal with -
the specific goals established for the present research grant ained at .

‘ taking the first step toward eventually realizing some or all of EWEC's , :

potential advantages.
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Chapter. 3
RESEARCH GOALS
Need For Goals. Since this initial grant was of short duration,l Tt was
folt vital to have.clearly cstablished goals at the beginning to maxi-
mize the program's benefit-to-cost ratio. The followlng goals and

rationale were established as guidelines,

Research Goal: To study the absorbérs on the EWEC invention and attempt

to quantitatively determifie their theoretical feasibility at microwave
and micrometer wavelengths....

No experimental work was to be done, it being f21t more essential. ——
to first strengthen the scientific base for the EWEC concept, particular-
ly the key absorber elements.

It is important to realize it was not the goal of this initial short
research effort to.examine the scientific and engineering feasibility
of..the entire -invention -- absorbers, rectification, fabrication, and
a multitude of otber significant areas. Research..for these could be .
undertaken later. All these.principal problem areas have been specii-
ically recognizcd, identified, and tabulated; but then it is not
possible to deal with all the problems simultaneously. Instead we
chose to Yocus on one of the most important fundamental areas.

Research Focus: Abgorbers Our principal reasons for choosing to focus

the researchi on the FWEC absorbers were:

1, o
'he grant was for only 6 months of part-time work under austcre
funding conditions.




They age one of the principal elements of the invention.
Without them the fnvention {s useless.

about such.abserbers of. any clement. used
Considerably more precilse setentd fic

dod. before practical con-

nee they will wouk,

(] The least 18 known
in. the invention.
and enginecring knowledge ls nee
verters—can be designed with assura

® Knowledge. learned about absorbers probably would have useful
spinvoffs'to-other arcad, @.f. gsolar .therimal absorbers for
tetrestrial and space use.. There was.a preliminary indi-
cation that better. radiant=tliermal absorbers could be made
by not just 'roughing up ' the gurface, as Is now done. with
some .solar. thermal absorber surfaces, but by causing the
surface to have a coating of. uniform height cones or
tetra-hedra appropriately arrayed.

off.could accrue to the agriculture

The .better understanding of
as recognized as divectly

An additional spin=
area of insect control.
absorbers from this research w
applicable-to insect antennae and,
science in that area, could -- perhaps.eventually -= lead
efficient electronic means of trapping insects,

to-super
preventing crop and food destruction.
" Tf initial research attention. were focussed. on the di.ode con-
ce that such research alone

verters, there is little assuran
when successfully completed .could lead conclusively to the
feasibility of the EWEC invention. We do-not minimize the
importance or difficulty of the rectification problem on
EWEC, for.it alone is a formidable technical problem. But
we knew much information already existed regarding equiva=
lent circuits, parameter values, power conversion efficiency,
etc. of diodes, partieularly-the works of Brown [9],

Javan [43], Van der-Ziel [75] and others. ...

t rescarch

There were <lso other reasons for focussing this shor

program on absorbers.

In this early theoretical work it was felt essential to deal only

with simple planelpolarized monochromatic electromagnetic waves. The

non-zoherent, wide spectrum, atochastic amplitude, randomly .polarized

wdave case —- ultimately needed for full theoretical understanding of. -
¢ -- was recognized as theoret-

successful solar-electric EWEC converter

ically too complex & starting point.

At The End of the research program it was hoped we would know about

the EWEC absorbers:

in.addition to advancing -




‘ @®. _Material - Whether metal ov diclectric Ls best.
i .
| o Jeome LTy - - Approximate ranges -- in torms of

wavelengths -~ 1t must theoretically
be for efficient power absorption. .
Aldo whether conical vz tetra-
hedron is best and whether solid or
thin wall diclectric is best.

® logses = = = rAbout what to.expect. These would be.
related to the number of wavelengths
the absorber is Jlong.

® Center Freq. - = = About how to predict it.for an.optimum
absorber. and liow it is related to
the absorber geometry.

@® Bandwidth -~ - About what it should. theoretically
be. Particularly the. fractional
bandwidth is a crucial factor for
a later solar-electric converter.

CEETERTTTY T e s e

E ® Beamwidth - - - Some preliminary indication (sharp
: or broad) of what it might be,
) recognizing later.supportive.
‘ experimental work would be needed.

o Array Spacings - - - Probably know cne that. theory indi-
cates should work. Time would not
permit exploring other possible
refinements, as log-periodic
spacings, in such a short R & D
program.

" Conversion Efficiency - Should know the theoretical upper
conversion efficiency for an
EWEC abscrber .driving a resistive
load when irradiated with a. plane
polarized electromagnetic wave. -

Overall, our intent would be to learn the most about theoretical as-
pects of EWEC in the shortest possible time —- hence minimum cost to |
NASA. Care was to be exercised to choose theoretical EWEC .absorbers (or
arrays of such clements) with a high likelihood .of later usefulness for

the solar and laser ranges (infrared).and with some regard for ultimate |

17 -
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manufactubabllity.

The-Cencral Reseakeh Plan for achleving the above goals was to first
Wlearn from Naturc" what are probably..the best absorber clemont materials
and .morphology, particularly based on the sloncecring vork of Callaban.
on inscct dielectrie antennac, Simultaneously we sought to identify,
collect, study, and summariZe.rclevant geientific and englneering papers,
particularly on the physics of clactromagnetic wave-surface Interactions
which.subject appeared shrouded in mystery. and empiricism among_sclen-

tists, solar engineers, and ourselves.

Finally, it was-hoped that with such insights accumulated it would

then be possible to make a.first attempt at modeling EWEC type absorbers
Then, and only then, could a theoretical analysis be performed, starting

from Maxwell's equations.

sults of the first part of this general pilan ifo—0

We summarize our re

Chap. 4. Subsequent Chaps. elucidate our results from the remainder of

the plan.
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Chapter 4 -

PRIOR RESEARCH ON WAVE-SURFACE INTERACTTONS -

Introduction Pricr.vesearch on cléctromagnetic wave=surface intor-

actlons specifically aimed at creating a direct solar-electric converter
appears to. have not beén done. except by Bailey; .nor has any previous —
gystematic attempt beén made to collect and organize gclentific and
engineering -publications thereto.

This Chap. allows readers to. interace with .referénces relevant to.
the. understanding and.ultimate solution of the compléex electro-physics
problem of .electromagnetié waves interacting with surfaces rough in
comparison with a free.space-wavelength, i.e. having a character similar
to that .proposed for EWEC.

Works in major areas of importance to EWEC research are here
arranged and summarized by loose categories. Other arrangements are,.
of course, possible. Other relevant references are cited throughout

this report.

The. Earliest Writing found on wave-surface ipteractions relevant. to EWEC
was by Lord Rayleigh [64], circa 1897, who worked out some of .the mathe-
matical physics .of electromagnetic waves in dielectric cylinders.
Physicists prigr .to that time had, of course, addressed the -more general . .
problem. of the wave-like nature of light as first advanced by the Dutch.
Physicist Huygens .(1629-1695)..

Brief History Of EWEC ‘Bailey [4] in 1968, while at Goddard Space

Flight Center exploring the possibilities for creating a majoxr_state-of-

the~art improvement in diréct radiant-electric conversion technology,

19
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Invented BWEC,  The following summer cxperiméental veriflcation of the
basic metallic absorber dtructure was made at.the University of Florida,
Thede testd were.conducted In the UHF. microwave range,

He first.published. [3] the concept In 1972, followed fu 1973 by
an.claboraticn of-these ideas [2]. Tortunatcly, about this tlme.
Balley and Callahan became colleagués, and a. great.similarity was scen
between Callahan's previous pioneéring work on insect antennae and
Bailey's ideas .regarding EWEC, .

After several years of patent work involving 'the- rights' queg-
tion, NASA filed for.a U. S..Patent on EWEC which issued in 1973. [1].
this advanced research. to go_forward. Thus from .the time the invention
was first made (1968) until serious scientific- and engineering research
commenced (1975) was nearly seven years.

EWEC-Related Patents Mueller [58] relates in.his patent an invention

of-centimetric antennas.and particularly of end-on high gain directive
dielectric antennas. He discusses shape of rods, directivity and gain.

Southworth [69]. discusses. the usc of a multiunit end-fire array. .
of rods of dielectric material resulting in a. directivity principally
along their axes. His invention was for microwave radio antenna sys-
tems. .

Somewhat similar ideas at much shorter wavelengths are looked at
in EWEC research.

The above two patents appear to be the closést to.the EWEC in-

vention réveéaled from two patent searches; but neither anticipates

20




operation-dn the solar range, and neither is Intended prineipally as a
radlint energy.to power converter as LWEC.

Waves And Insects -- By Othicks Than Callahan -Hsldo,. ét. .al.. [41] have

also lnvestigated _the pogsibility. that insects communicate by  cohérent
clectromagnetic waves. . They point to Callahan's. [19, 20, 21, 23, 24, 25]
pioneering work in this..area and discuss many points in their common re-
search. of the question., They conclude there is some possibility dn this
method of communication.between insects, but point out continuing re-

search will show more. concrete conclusions.

Eye~Like Structures And Visual Cells Bernhard. [7] conducted experi=
ments on large. models of conical protuberances.and nipples illuminated
by microwaves.and discusses similar structures found in. Nature, .

Clapham and Hutley [29] reported on the suppression of wave reflec=._
tion from surfaces. covered in a regular array of conical protuberances
in a manner similar to that observed on the corneal lenses of the moth. .
They substantiated.Bernhard!svtheory'of“suppression through a graded
transition-of refractive index between the air and the cornea by.. .
measurements with microwave radiation reflected -from a scaled-up model.

Bernard et.al [6] later studied the—eye in light of anteéenna
theory and found a counterpart. to many communication engineering type
structures existing there. They explain light interaction witl the
surface of..the eye from a wave approach.

A detailed discussion of. research of visual.cells is prescanted. by
Young [78]. He clearly shows tlie structures., rods, and cones found in

humans and animals are similar in morphology to the EWEC dielectric
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model we present.herein in Chap. 7.

IBM Work —Cuomo, ¢t al.[31] have accomplished.récent highly.significant
reséarch into surface-—treatments-for high temperature golar-thermal
absorbers. They demonstrate thé excellent absorber capabilities a .
special tungsten surface has operating in the solar spectrum from about
0.5 to.40um. They claim an absorptivity.of 96 percent for it. .They
attribute the high absorptivity to varied pgpulation of spearlike struc-
turés called .dendrites, large and small, on varied spacings. .This._sur-
face structure closely parallels .the application of the EWEC-like metal
strucutre discussed in Chap, 6 and our two-length model, Fig. 9-8.
Tailoring the surface for absorption. of various frequencies is experi-
mentally achieved by altering the height-to-width ratio of the dendrites,

much as discussed for EWEC.

Australian Work Thornton [72] shows that a.material surface configu-

ration. can Se optimized .for best thermal absorption.and lowest -
emissivity. He .investigates a .corrugated surface .formed by cutting
rectangular slots in.it. Bandwidth was investigated and optimized for
multilayer surfaces. References are made to the moth's eye principle
of reduction of reflection on an array of very fine tapered cylindrical
protuberances.

Japanese Work Tani [71] reports a project of solar energy power sys-

tems. Déposit meshes, thin films, and horns made from metal and semi-
conductor material absorb sunlight elec¢tromagnetic energy and produce
high témperature thermal energy. They-have applied for several patents

in. this fleld. Teéchnical details on this work are not available.
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Rough Surface -Solar Cells The concept of deliberately roughdning the

gurface of conventional solar cellg 1a heljéved to have heen first
axplored by Bailey [4].

Haynos et.al [39] of_Comsat Laboratories later described a surface
treatment of the conventional solar ¢ell where a myriad of tetrahedral
(FMEC-1like structures) were used to promote multiple interactions be-
tween the surface.and the light, thereby reducing reflecction losses
markedly and increasing the cell.efficiency to a high of 15 percent.

Rough Solar-Thermal Absorber Surfaces Peake .[6Q] has indicated the

similarity to EWEC of. surface structures.of a.high absorptivity. (w-0.91)
paint used by NASA. He showed SEM photographs of the paint surface
showing an EWEC-=like structure with .random height cones.

Santala |66] states that an intermetallic compound such>as.Fe2_Als
having a highly porous surface . structure provides a surface that ab-
sorbs.as black body cavities .if the pore structure is of the same order
as the.wavelength of the solar radiation. However, it radiates in.the
infrared wavelength region as.a flat surface. . An.Aluminum-Nickel com=
pound had the best qualities of compounds studied and was selected for

optimization.

Solar.Selective Coatings Koltun [47].(USSR) describes a selective .

coating which makes it. possible to change the absorption coefficient .

a of solar radiation and, simultaneously, the_degree of blackness €

over wide ranges.
Seraphin [67] discusses selective solar coatings using chemical

vapor techniques for deposition of 2um thick silicon.filus of satis-

23
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factory optical quality onto a metallized gubstrate. The.system can be
uged to transform.soldr radlation into high températures. Such sur-—
faces, while structurally-dissimilar to EWEC-1like surfacés, are based’
on well-known optical wave interfercnce affectd. and,. somewhat like
EWEC, exhibit .a wavelength selectivity.

Antennas And Waves Childers [27] explaingd some theoretlcal ldeas. con~

cerning antenna reception of nonisotropic stochastic fields. Antennas. ...

are treated from the combined viewpoint. of .the théory of statistical
communications, antenna. theory, and the. theory of optics. His ideas
appear potentially useful to future EWEC research recommended in Chap.

12.

Microwave- Absorbing Structures Emerson..and Cumming's -catalog from

their Microwave Products Division [81] presents.a wide variety of
well-known microwave absorbers and absorber materials.that are clearly
EWEC type construction. They use pyramidal or. conical. structures to-
form anechoic..surfaces which insure minimum reflected .energy in a micro-
wave_test chamber....The cone lengths must be sized. to. the frequency
tange being used -= long cones for long wavelengths and short ones .

for short wavelengths. .

Monomolecular Layers And Light In an article by Drexhage [34], multi-
layer..systems. of long-chain fatty-acid molecules_ and. fluorescent dye
molecules .were used to study the structure of light waves, revealing a-

close analogy between a radio-antenna and a light-emitting molecule.

Wave-Surface Interactions On Metal Surfaces of Various.-Geometries

Cherepanov [28] (USSR) has investigated.the absorptivity..of..a spiky
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gurface of a structure aimilar-to.an EWEC abgorber.. However, thé _sys-
tem he proposed {8 _aas a plane=laver.radio=absorber material, operating
at much .longer wavelengths than EWEC. —

i Ornstein, et al, [59], Sinor [68], apnd Lee [48] discuss thé wave-
f surface interaction on corrugated conducting surfaces and is relevant

i to the solution of the EWEC models proposed in Chap. 6. .

E | Scattering from perféctly éonducting sinusoidal surfaces is dis-

E icussed by Millar [53, 54, 55, 56], Fang [35], Zaki, et al [79, 80].

g . They .outline methods of solution to scattéring from this type periodic
! Structure. o

It is interesting to observe there is a large body of mathemat-..

ical physics 1i. .rature dealing with scattering_ of electromagnetic waves,
i of.which the above is.but a sample, from various surfaces. Substan-
f
E tially less deals. with wave absorption. .

Dielectric Materials As Antennae and Waveguides are discussed by

Di Domenico [33], Mueller. et al. [57], Kiley [46], and McKinney [51].
Optimum dielectric¢ rod and tube dimensions, bandwidth, gain, atten=-.
uation, propagation and many other topics of interest arée presented
which. strongly relate to.EWEC research. The mést current reference
[33] compares. losses in dielectric material with other electromagnetic

wave propagation media.-=- a result uséd in Chap. 8.

Wave-Surface Interactions On Dielectric Surfaces Scatteéring from a

dielectric wedge shaped structure is discussed by Mahan et al [49] and
is related-to EWEC.diélectric models of Chap. 7.

The theory of scattering by finite dielectric_needles illuminated
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parallel to thedr axes {s discussed by Rawson [62]. A derdvation of

the angulay distribution of . 1ight geattered by the dielectric ncedles .

of radfus r << A and .a. finite -length.l. 2> »-1s presented. This theoty

was_developed to help interpret neasured scattered=light distributions

l from low~loss optical=fiber waveguides.

gcatrering from an infinite long fiber circular cylinder at oblique

He reports. such computations

2 the technique for estimating fiber

l

f incidence was presented by Kerker [45].
I

E suggest possibilities for improvin

radii. .-

Beckman et al [5],vDavies_[32], Harrington

Genéfal.Solution<Methods
, .and Wilton et al. [77] show some

[38], Ikuno et al.[42], Meecham .[52]

significant and perhaps promising methods for the later analytical solu-

tion of the rOugh.surface-models proposed in_this report. —

Rectification Near.Visible Light Wavelengths has.been preliminarily

dealt with by Matarrese [50], Twu [24], Small [70], and Twu et al |73].

Using conventional long-wire antenna theory {50, 70, 73, 741 and thin

film micro—electanic'depositing techniques [70] they were .able to

deansﬁrate.rectification to_10.6um, broad-band characteristics from

radio and microwave“frequenciesn(lOGhz) to the infrared region (10.6pm),

and forming diode~antenna. elements into linear phased arrays. _The
authors point up many possibilities using these techniques for im-

proving the diode's rectification properties at these wavelengths.
In Summary, it is évident a_sizeable technical 1iterature'exists in

physics of electromagnetic wave-surface

the general area of the
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{nteractiona. Some.of thig literature was only gampled for lack of
time, e.g. the entire antenna fleld 1§ obviously relevant in a general
way even though antenna theorists do not_genérally consider 'surfaces! -
of antennas; but variaus arrays..approach thils concept.

The §g§££g£igg,of_electromagnetic waves from mountains, knife_edges,
periodic.-surfaces, random sur faces_{e.g the ocean), and other surface
geometries have all been extensively studied; but comparatively little
technical effort appears to have been dévoted to the interesting and.
potentially useful theoretical problem of absorption maximization of .
electromagnetic waves by the surface as needed.for. EWEC saolar=thermal .
surfaces. The. Australian work by Thornton_[72] appears.to. come closest
to.the EWEC invention in this.regard.

Though, in toto, these prior-art publications look. at various parts
of the problem of wave-surface interactions, no reference was found. —
which envisioned the EWEC embodiment in the form invented by Bailey .

[13.

From this literature.survey, which we interpret as.strengthening
the scientific base. for the EWEC invention in numerous ways,.we.now
sée a broader picture of rough metallic. surfaces and.rough dielectric
surfaces—as sub=parts of.a continuum of the larger area .of wave-surface
electro-physics. . Further, we see these theoretically linked by the
commonality.of the incident waves inducing currénts, though .the internal
field.distributions naturally are different. for the two cascs. Finally,

and very.importantly, they are linked morphologically. These, and other

linkages, appear to have not been previously recognized, as we indicate

in Chap. 10.
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Chapter 3
i FWEC ABSORBERS ON TNSECTS

Relevance Of Insects And EWEC Callahan, a reégearch entomolopisthas

methodically investigated insccts and thetr.communication and naviga-
, tion sustems for about 20 ycars [26, 25, 24,23, 22, 21, 20, 19, 18,
; 17, 16, 15, 14, 13, 12, 11, 10}, and in particular -the antennae found.
E on various insects. His most recent research aon the Fire Aat Antenna
?, is in Appendix I. The results_of the impy ssive body of scientific
knowledge can only be briefly summarized here, unfortunately, for ite...—
is a fascinating_story of geneéral interest. to scientists and engineers. I
: An extremely readable summary of his life's research in .this ficld is
in [10). A shorter_scientific version is [11], .and an even shorter one 1
is .[12]. ‘fhis.research.is all highly relevant to.current EWEC R&D, .

though one might initially wonder how insects and energy conversion are

related. -

In.summary, Callahan%s theories and scientific research have

showni =- and been generally proven beyond reasonable. doubt in our mind

-~ that:
® Insects communicate and navigate by means of electromagnetic
waves -- in addition to visual means which we do mot
consider here.
® The wavelengths used are in the infrared range (from. about.
lum.to 30um) with principal channels occurring
within the 7-14um atmospheric 'window' and the 17um and f
25um 'mini-windows.' i
® The radiation emitters are: (1) sex scents .calléed pheromones

which emit high amplitude IR narrow band maser-like
emissions, and (2) broad band black body radiation from
the insect's body. The-latter radiation is modulated by
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the vibration of the Insecét's wings and 1s.used In
navigation for hoth "target'™ddentification and azimuth
aorfentation,

The pheromone 1s glven off by plands in the. female.

wind carried the pheromone into the atmosphere . a varilable
density gas.. Sunlight or night sky irradiation causes the
pheromone-molecules to emit narrow band high amplitude IR
electromagnetic waves, .

The radiated.waves are veceived -- afar or. near -- by the
antennae of .the male which follows the trail of the emitting
gas_pheromone to its source -- the female..

Insects have large numbers of receiving antennae, called
spines or sensilla, of. various.kindsl and lengths (in the
range of about 2um to 200um, depending o insect specie).
Different length spines respond to different IR wavelengths.
The nerve output of a spine connects directly with the
insect's brain..

The princ¢ipal ancenna.elements are a type of. open resonator
-~-as are all antennas -- known as a dielectric antenna.
The various.kinds found on .insects have been identified,
classified, and.dimensionally measured on some insects...

Insect dielectric. antenna. elements are.arranged.in elaborate

arrays.. There is. a strong correspondence between the shape,.. .

form,. and arrangement of arrays observed on insects and
known man-made antenna arrays, e.g. arrdys of vertical
antennas .above a ground plane.

By means of the modern scanning electron microscope (SEM)
high resolution photographs can be taven.of the details of
these microscopic receptors of electromagnetic waves found.
on .insects.. The SEM is the principal research tool for

observations, and a.high resolution.Fourier analysis inter= ..

ferometer spectrophotometer is the principal tool for
emission measurements,

Te éntire scientific research. area of insect communication
and navigation via electromdgneétic waves is presently in a

1Virtually any kind of antenna form created by.man to date can.be found.
on insccts. A few examples are shown in Figs. .5-1 and 5-2.. Other
types, not wman-made to date, have also been observed on insects.

29
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FIG. 5-1
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| PRECEDING PAGE BLANK NOT FILMID

F1G. 5-3 Callahan's original sketch [20] for. moth (Saturindae)
"diclectric.waveguide spine.' i
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measurements .of 14 splnes on night-tlying meoths (saturnidac). A< many

as 150-200 auch asplags_miay be . prescent i a group on the cecropla moth,

lle carlder. postulated in 1965 [23] and 1967 [21] that such splpes-may.
act as polytubular dleleectric waveguide antennae In various spectral
regions, -

We now examlne Pig. 5=3 in some detall and propose some new
theorles about how such wave absorbers probably work in light of modern

electro-optics. These arc based on extending Callalan's earlier astute—

observations. There are many subtletics .in this. exquisitely structurcd
sensilla -~ subtleties which. took us considerable time to recognize ...
Once recognized and explained, they-are quite simple to.‘hose familiar.
with electromagnetic. f£ields and waves. We _examine.the ensemble of

Fig. 5-3 first and.then each part separately..

@  Overall The sensilla-consists.of a tapered Spine.A posi-
tioned abové a probe K and "its nerve. output which goes
directly to the insect's brain. The incoming & field
propagates into-the. spine from the direction shown-.for
maximum neérve response.. The- spine focusses the arriving
t field on-the. probe K... —

Spine A. is. supported by a doughnut shaped materidal B
above a .more-or-less uniform surface D.-- the insect's
epicuticle. Subsurface materials T -- the exocuticle -~
and H.=- the epithelium layer -- complete its.lower parts.

o Spine A is believed made of a dielectric material.. It is a
tapered. conic with walls so thin they are trangparent in
SEM photomicrographs.

Kiely's [46].experiments at microwave frequencies on
dielectric antenna show that tapering decreases the antenna
pattern. side lobes markedly, resulting in.a.singlé main
lobe centered on the conic axis.. Further, it is well-known
in electromaghetic field theory and in mierowave hardware
that to trahsition from orde field region to another with
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1 . .
Attenuation losses will be treated-mere quantitatively in Chap. 8

B R D

minfmum veflectod wave power -+ hence maxdmum Cransmittod
power == the wave gulding structure shonld be tapered
over several waveleopths, affording .o clow transdtfon of
gulde tmpedance for the wave from ono mediwm to another,
Thus from the wave viewpoint an array of such tapered
sploes ~found on Inscets appears Lo live preclsely the
optimal shape for maximum absceptivity of the EM.wave.

The.mateidal -~ 1f any -~ luside the spine is not
known. Kiley's work [46] on hollow dielectric cylinders
indicates that makling the walls thin, e.g. a/b = 0.87,
results. dn the lowest dielectric attenuation logss/meter in
the direction of wave propagation. 1t . can-easily be shown
analytically that the hollow tapered spine structurc of
Fig. 5~2 has a/b = constant throughout its length and
thercfore presumably is of.minimum loss.l

The spine length averages about 66um long with a
base- diameter of 6.57um for the cecropia moth.? In terms
of. the more fundamental guide length to free space wave-
length, spines are about 2-6 wavelengths long on.insects.
Thus such insect wave absorber structures in Nature are
many wavelengths long. . Similar many wavelength structures
are well-known in antenna engineering as rhombic antennas,
end-fire arrays, and others ~- all tending toward high
directivity to an incoming EM wave. Thus, for the insect,
the fact that his sensillae are many wavelengths long
lncreases his direciional sensitivity. Arrays of such
dielcetric sensillae further increase his antenna pattern
directivity. Finally, making -the array pointable in an
arbitrary direction by a-controllable support structure
permits the insect to 'see' electromagnetically in the
dircction of the array's principal lobe. .

If a given 4 X long dielectric spine is receciving an
EM wave, elementary antenna theory indicates 1t should also
be receptive to other eigenvalue wavelengths multiply
redated.. This important intriguing theoretical problem
remains to be analytically solved for- tapered thin-walled
dicleotric wave absorbers... The net effect, undoubtedly,
is to increase the inscct's effective band width 'seen'
of the electromagnetic spectrum,

2 .
As stated earlicr, however, the length and diameter varies with

Insect spacies.
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’ — Thes Lower: End. Of Spince A, Fig. 59, Ls pently curved inward
L“ toward. the probe K. Tt would appear that curving permi bty
‘ the small portlion of the incldent wave which o, traped in
the thin-wall spine A and propagating downward and ro. loce
ting from the luwner and ooter splne surfaces to exit the
splne tn a dlrection neatly atwed at the probe K. Such kM
cnergy ds probably a small portion of the total arrviving at
Ky the major part arrviving dircctly at X through the
focusing of spince A; but 1t Is Interesting to observe that
the probable smaller portion propagating out the-ond of spine
A 1s not wasted dn Nature's design.

@  The Probe K is located on -the spine's geometrical axis and in
a position to capture most of the incldent FM wave focussed
on it. The probe is composed of four.elements arranged |
as well-known V.antennas. Fach element of the. probe has
a short length; i.e. it is cither an-appreciable fractloml

f portion of a wavelength or, at wost, a few wave lengths

1 long; precise measurements have not been made on prubes

!

; alone.

g We have reason to believe the probe clements are com=

posed of long-chain crganic molecules, eaclr chain acting
Iike the classical thin wive-antenna, the result being a
composite receiving antenna pattern for the probe which

suitably ‘'watches ™ the EM radiation arriving above from

spine A. .

We also have sone indication that weve the probe
geometry alone more carvefully -examined than.has been done
to .date, it would be foand to be a circular solid of
revolution with cross section shown in Fig. 5-3. .If Jater
SEM studies show this true, we anticipate the.obvious
implication that the spin=-probe system could receive ¢
fields of arbitrary polarization angles measured at. rdight
angles to the propagation direction. It would thus appear
the Insect sensilla neatly and beautifully. simply solves
the arbitrary potatdization problem inherent in solar
radiation by means of. Lts circuler geometry.

ot e adeaa

The probe's output is obviously coupled into the nerve
E. - The precise internal mechanism for how-the received 1
- voltage on the probe elements, which- {s at IR wavelengths, |
is- converted to an clectrical signal on insects is not *
known at this time. Such rcsearch knewledge would have J
obvious implications for the later designe of any man-made :

rectitfier -- another opportunity to "learn from Nature.'




Spine Support B physically holds—the spine A 1n sultable

position.wlth respect to probe K. Tdeally the. support
should. be lossless and reflectlonless so that any signal
propagating L 1t would not he reflected to phase add or
subtract from the principal arriving M signal wave, therce-
by distorting_the signal. 'secn' by .the-ingect.

Note tnat spine A has been .delicately placed into B
at.such a location, as ray optics shows, to minimlze the
field's entering B and propagating downward through. the..
material B. Further there 1s. only a small area of contact
between the. two which should minimizeé the -transmitted wave
into B even wmore; but a small ¢ field would enter bL. . Mate-
rial B could.-be ~- and probably is.-- a lossy dielectric
which begins to dissipate the wave propagating downward
through_it.

Transitioning Impedance C and I. The small portion of the €

field that.gets into B then enters the circular cylinder
material C which.ils neatly tapered on its lower. end. . Thus
materiul C appears to be a transitioning impedance between.
B and I.. if material B has.an intrinsic impedance Zg to
the downward propagating wave, material.C has ZC, and.
material. I has Zj then, material B probably obeys the well-
known relation [61] for matching sections:

zC,.--\/zB?I" .

Similarly.material I matches to the internal impédance of
layer H according to: .

2y =yZCz—H

It thus. appears, that when interpreted.in the. light-of.
classical electromagnetic waves and waveguide theory, the
spine support structure on insects consists of two care-
fully designed tramsitioning impedances which aid in .
matching the free space impedance to material H with
minimum. reflections and interference with the principal
received signal 'seen' by probe K. — .

The Cavity Around.Probe K Note that Fig. 5-3 clearly-.shows

a cavity around the probe formed of the outer surface of
the probe support material J and. the inner surface-of B.
Further, we note that the lower portion of the cavity is
tapered.-

It thus dppears the probe cavity is marvelously
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In .Chaps. 6 dnd 7 we ghow_our first formulations of the theoret-
ical model .for man=made FWEC.converters, based on our insights -=

recognized as not fully complete -- learned from insect sensilla

research.
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Shapter o

THEORETLCAL EWEC MODEL, —— METAL ABSORBERS

; Two Absorber Material 35 poss bl T tios exiet for EWEC converters;
L. Metals Bailey's first EWEC rest model at microwave frequens-
cies was copper |[3]. Virtually all practical antennas in
| use today are metal or jnvolve electromagnetic fields
: ' Impinging on metal.

Nearly all known practical solar thermal absorbers,
excluding plastics and solar ponds, in use today in-the
growing solar energy utilization ficld are of metal. There
are numerous cmpivically determined surface treatments for
enhancing solar energy absorptivity of metal surfaces, e.g.
roughening, etching, thin film selective surfaces, and
others.,

Cumo.'s recent success [31) in constructing a 96 per-
cent absorptivity solar thermal surface was of an EWEC-like
structure made of metal.

f The idea of capturing the sun's energy via selesctive
¢ surfaces arranged in V grooves on metal appears at least
as old as 1909 [36]. This idea of periodically grooving
metal surfaces is reasonably well-known, but not widely
applied, among solar absorber researchers and engincers.,

The detailed physivs of wave surface interactions for
all the above metallic embodiments appear not well under=—
stood at this tiwme.

Chap. 4 cites some previous investigations of wave-
surface interactions on metal surfaces of various geometry.

2. Dielectric materials for EWEC absorber elements are strongly
suggested by the insect aniennse, Chap. 5. Also, Bernard
and Miller [6] have shown that insecl eyes contain numerous

- dielectsdic cones and nipples as optical waveguides.

The usc of wvarious dielectric matertials is well-known
in applied optics, e.g. 'light pipes.'

Dielectric anteinas, though not well-known among
electrical enpincers, constitutes an identifiable arca
where dielectric matersials have been suvccessfully used for
receiving clectromagnetic waves,  The tdea of dielectric
cylinders supporting clectromngnoetle waves is at least as
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old as 1897 and lLord Raylelgh [64] who worked out—_some of
the early mathematical. pliysics,

Commerclally avallable EWEC-11ke structure niaterial
[81] has.been used many.ycars.as microwave absorbérs in
antenna and microwave systems enginéering. Such materials
are losdy dlaelectrics,

Scattering of EM waves from dilelectric cylinders [76]
[44]), wedges [49] and bodies of arbitrary cross section [77]
have been reported. . Though our principal interest here is
absorbirg EM waves, scattering is obviously rcelated.

Chap..4 citésnprevious.inyestigations.of wave~surface
interactions.on dielectric. surfaces.

Importance Of Material Type. Determination of the type of absorber mate-

rial to be used on-EWEC converters.is obviously a key research problem
having immediate. .theoretical importance and later design implications.
Clearly the materials .technology for creating large area. metallic whisk-
ered surfaces is.not-likely to be the same as if the surfaces were thin
walled dielectric whiskers.

Finally, there is the important_matter of .the intended function. an
EWEC surface is to perform. An EWEC solar=thermal.absorber might. best
be made of metal where the impinging EM wave power is dissipated
throughout the surface .of the absorber as heat and then conducted into
the metal volume.whereas a solar-electric EWEC..converter might require
a dielectric material with minimum losses in the EWEC abosrbers propeér.

Only after proper modeling and analytics have been done can ratio=
nal choices of retals vs diclectrics be made..

Modeling Rationale We early recognized formulating the explicit_theo-

retical metal.model case would be somewhat different from the model for

the dielectric case. We chose to formulate the simpler metal case first..
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We have long rvecopnized the theoret leal difficenloles inherent in
dealing with the more compl.o 3dimensionat case,  We folt most prop-
ress could be made dn this initial theoretical work by first orudying
the 2 D case. Accordingly we chose to make both principal wodels 2 D
to simplify the later-analytics,

Thus this Chap. presénts our theoretical EWEC model. for metals.
Chapter 7 presents our similar model for diclectric materials. We
present the.models succinctly, clearly cite necessary.assumptions,
indicate specific analytical goals, and briefly justify the moded—and
our choices. .Completion of these then defines the major theoretical
technical problems resulting from the present research grant., They are
thus set—up suitable for later analytical attack.

Problem Formulation: EWEC Absorber - Metal Case

The Proposed Model is shown in Figs. 6~1 and 2. The incident wave, -

with ¢ field in the x direction, propagates in the negative z direction
into metallic EWEC absorbers A1 aud A, which extend to t«. [ach has

electrical conductivity o. A load resistor Rl ohms /meter connects
adjacent absorber faces as shown. Pertinent geometric design param-
eters are indicated.

Assumptions To Be Made are:

@ Incident Wave

Uniform »lane wave

Linearly polarized as shown

Continuous ~- no modulatlon, constant amplitude
Coherent -- constant phase

Monochromatic with power spectral density

S>> > > >




EIG,

6=1

E .
Prop. .

Isometric View of EWEC-Type

SULFAce ADSOTBOIS = 2 D CAS@umn o oo oo e et e
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H
INCIDENT.. ) E
WAVE
----- — == ===—==" Py/mtr. iength (in y dir.)_
RAh,:ESIS‘?EJSN?‘ON, Piopagation ¥ and over_width. d
Passibly
rounded or
- truncated
EWEC-LIKE tips (if eases
ABSORBER " | boundary
conditions)
| -
LOAD { i
lPL/mtr e D/2 | Ry /mtr. (length in.y dir.)
l : "-— D —1~™_)Note: R not exposed to _

d —— any incoming E field un-
(Iess otherwise noted.

FIC. 6-2 End View Of. Model For EWEC-Type
Surfaceé Absorbers - 2 D Case
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POY =26 =)

Propagation {in ~z dlrection and L to ibsorher plane,
I Electric fleld stréngth.

N...= Magnetle field intensity

A, = Its waveléngth in frée space ——

> > >
n

]

@ Iransmission Mediuw -- Free_space ¢haracterized by i

.. = Permeability

€ = Dielectric.congtant
Hgmogeneous

Isotropic

Linear medium

> >> > >

@ Absorber

AT Geometry: EWEC-like in.2 D as shown
A Material: . Arbitrary metal
A. Surfaces: . Smooth surfaces on A, and A.

I T e o S

d A Heights: . A1l absorbers have same L. 2.
i. A" Temperature: In thermal equilibrium
Ea Models To Be Studied were.defined as:
; !
4 : - ,
: Model Dimensional Range
. No.. Absorber Metal To. Investigate .
x | %
1 Perfect Metal. 0 < leo»< 20 . i
0 = O, i.e. lossy metal 0 <~D/A0 < 10 i
— o= o, * Jbé ' g infinitesmal i
bn © Model (1) - 0< g/ <10 }
Model .(2) Ditto. :
6 Model (5) Ditto, .except now %
becomes metal. with G 3
T with € field irradi-® |
ating its smooth metal ... ;
surface. ‘
d

*.
Pure,. lossless, homogeneous, isotropic




Analytical .Goals JFor cach.amedel .find:

l»'

10.

Spatial distribution of surface current:s on clementd A] and A
Tnelude 'skdn effoet.."™ B

Iilmetétnoiﬂnbsorhén length ity diréetion, —

Spatial distribution.of © and H fields between and in viehilty of
A, and-A, .
1.0277720
The cenversion efficlency = absorptivity.=n =P /P ..
Account for .all power, lncluding any-reflected out of the absorbers.

~.Whether. there.is an optimuim L/D.ratio (o L/AO/D/A ), or .optimui

g (or g/Ag), or.optimum o (hence metal material) == all using n as
the principal optimization parameter.

For models No. 2 and No..3, investigate A, and A, attenuation——_.
losses/meter length in.z dircction as a fiunction“of L.

For model No..6 show that in.the limit as.L + 0 we have the clas=
sical .case .of an EM field irradiating a lossy surface.

Study phase relations of IL.in each RL in .adjacent troughs..

Briefly. investigate -- 1if possible -- what effects cross slicing
has, i.e..also slicing the metal surface in x direction, leaving
tetrahedra..

What geometrical parameters principally affect the center. receiving
wavelength and the bandwidth of the absorber? This investigation
should.also examine whether such absnrbing structures .are receptive
at other eigenvalue wavelengths and. if so quantify the resulting

(A) spectral distribution, particularly investigating whether.
the surface absorbs well at short A but is a poor reradlator. at
longer. A, i.e. whether this type surface inherently has useful
'greenhousing, effect.'

Justification Of Models

Here we lay out our rationale for the choices and ranges for the

above models.

Incident Wave The linearly polarized, coherent, monochro-
matic,.uniform, plane wave arriving from one direction is .
the classic case in time varying EM ficld problems. It is

known to give deep insights, quickly revealing what is ande .

46

S IR PICR S

B i




lsn't important. Tt {s also known o be the simplest
! starting point.. PFinally, 1t carresponds exactly to the
- case oi-a laser beam impinging on.an IWEC absorber, a prob-
( len of substantial thaoretical and practical importarce to
NASA and. othier agencies..

r We are well awaré of the fact that the above incident

} : wave does not accurately model the sun's radiation which i3

g thought to be randomly polarized, phase-incoherent, sto-

5 e chastic in nature, and a power Sspectral density considerably

2 different from a delta function. BSuch amalytical mode 11i1g
of the sun's radlation from the fields and waves viewpoint.
is a fundamental theoré&tical problem . of both.scientiflic and

4 engineering importance. . Mr. James Heaney, one of.our

} graduate students, has chosen.to investigate this research

; area for his Master's thesis.

@ Iransmission Medium. That chosen is for free space,. the classic. ..
oo case. - Effects of air,. contaminants, density variations,

t attenuation of the sun's radiation.through the atmosphere,
& and other effects are secondary for this first order
4 modeling.

f ® Absorber

A Model Nos. 1-3 progress from the ideal toward real=- .
istic metals at IR and light wavelengths where o :
is known-to-be .complex. . 1

1
A Metal is believed the easiest case to. analyze, ‘
drawing on known tools in microwaves, horns,

antennas, transmission lines, and related
apparatus.

A Smooth Surface-metals.on A. and A .are realistic for
tetrahédra [30] and more=or=les§ conic. [31] type

métal surfaces known to.have been fabricated to
date,

A Geometry That proposed is about the simplest envi-. W
sioned which could give us a reasonable starting . ‘
point for the analysis.. We .have earlier cited
why the 2 D case was chosen for it. Also the
geometry chosén appears about the simplest manu=-
facturable- EWEC geonetry should.its technical |
feasibility be indicated from the later ahalysis.

A Length L was chosen to span the electrically short
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to the electrically long-range. (0 < L/A < 20)
Insect antennde (which are dielectric, ho@ever)
fall in this range.. Also Cumo's [31] solar therv-
mal absorbér ~~ whiech 1ig metal and known to work
with 96-percent absorptivity =- falld 1n this
range. Finally, tapered waveguldes, transmission
lines, dielectric rod antennas, and otheér micro-
wave dévices where a transition 1s made from.one
medium to.another fall in thils approximate range.

The problem of statistically varying absorbér
lengths. is recognized as a valid theoretical.prob=.
lém which. could be dealt with later.

A...Absorber Base Dimensions (0.< D/A, < 10)

SrSia M it A - S A e ARG

In human.eye retinal cones D/A_ 1s approximately
4,. Also Callahan's data on.insect sensilla show.

they: all easily fall within this. range.

A Absorber Spacing (0 < g/Ag < 10)

Model Nos. 1-3 arée the simplest cases with.g ~ O,
understanding the electrical load terminals are-
not. shortéed. This is the-close spaced case.. One
finds close spaced arrays on insect antennae.

Model Nos. 4 and 5. would permit investigating .
the efiects of deploying the absorbers in periodic-
array-like fashion by increasing g. These two
models. would also assume a .'perfect ground plane'-
between .A, and A2 penetrated by fictitious connect=
ing wires™to RL (which is not irradiated).

Model 6 replaces the peéerfect ground with a - -
ground plane having a conductivity the same as..
absorbers A, and A,.. Thus the bulk resistance of
the metal .now becofies the 'load' in which.the
incident wave's power dissipates.-— both .by virtue..
of currents .induced in Aj and Ay causing Joule.
heating in the. metals and .also.by currents directly
induced by the.incident wave-in the metal (J = oF¥)
of the 'lossy ground plane.' This model, in
particular, should give us considerable new insight
into the nature of .absorption of radiant wave
energy. by a metal surfacé with periodic roughness..
It would bé extremely significant to solar thermal —
absorption understanding and, in all probability,
would lead to-new 'selective surface' absorbers
based on wave techniques. .
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This, then, completes.the formal definition of the EWEC metals

? problem. ‘the model has been explicltly defined and-with care, coundlder=
Ing inputs. from Nature and known gurface absorption phenomena., We

believe the later analytical solutlon of the metals problem will be |

of substantial theoretical interest throughout the gcientific_and {

engineering communities and will, in-all likelihood, later lead to

t
|
.
; _ practical designable surfaces where electromagnetic wave absorption
r
t is desired.
;

+




Chaptey 7

THEORETICAL EWEC MODEL ~- DIFLECTRIC ABSORBERS
In this Chap. we pregent the proposed théoretical model for the
FWEC dielectric.case. The Justification for dieléctrics is Ln the first
part oijhagJ 6 as 1s. the modeling rationale. The strong similarity.
of the dielectric model to that found on insect spines as elucidated in
Chap. 5 will be evident, for, indeed the proposed theoretical model is
a first attempt at modeling Fig. 5-3 in a.tractible form.

The presentation structure follows that of the. Chap. 6 'metals’
case, .

Problem Formulation: EWEC Absorber - Dielectric Case

The Proposed Model is shown in Figs. 7-1 and 2. The incident wave,
with field in the x direction, propagates in the negative z direction
into-dielectric EWEC absorbers Al_and A2 extendingmto.iw. A load
resistor,‘of.RL ohms/meter (in y dir.) terminates each absorber as .
shown. . In contrast.to the earlier metal case, a coupling probe to
extract the electrical energy is necessary with the dielectric case.
Assumptions To. Be Made are:

@® Incident Wave Same as for metals case,

@ . Iransmission Medium Same as for metals case. ,

® Absorber

A Geometry: .EWEC-like 4in 2 D.as shown..

A Material: Dielectric with dielectric constant and
permeability shown. . '

A Surfaces: Smooth surfaces inside and outside of ‘
dielectric absorbing elements.. (No

corrugations, no-glots, no holes, no . ' ,

log spirals, etc. as found on some
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A

FIG. 7-1 Isometric View of EWEC~type Surface :
Abserbers -~ 2 D Dielectric Material 1
Case,.
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'Perfect Probe'
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1 and cver applicable area. .

FIG. 7-2 End View of Proposed Model for.Dielectric .
EWEC-type Surface Abscrber——2 D Case.
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ingect antennae),
A Heiphts: ALl absorbers have same L,
A Temperature: In thermal equilibrium

@ Transitioning Impedances

A Upper Tube: Is-an .impedance matching section between .
dlelectric absorber above and the tapered.
P absorbing load below it.

: A Outer Cone: The taper, over.a few X\, transitions.

' downward propagating wave into a dissi-
pative load, epgupp. It's intrinsic .
impedance 1is chosen-to completely.
absorb. any downward propagating wave

; inuﬁTuT.

A Inner Cone: Its €1,141,1» chosen such that waves ...
: : passing the probe-are completely
absorbed. The taper over a.few A

aids the gradual.transiticn and
absorption.

@ Coupling Probe !

A Tunction: Is a 'perfect probe,' i.e. it-eaptures
all EM waves-focussed on it.

A Geometry: No variation in_y direction. Since we
are-assuming it is 'perfect,' its detailed.
geometry is not presently important.

A  Output: An electrical current. The probe's .
output is via.an.assumed. lossless .

transmission line to RL'

® Load

A Lumped: Equivalent of R /meter (in y. dir.) and
ptitely resistive.




Model Absorboer Surface Dimensional Range
No. Material- Material To lnvestipiie
7 Lossless dicl. Docsn't matter 0 « L/AO - 20
8 lossy diel. (g intinftesmal) < D/AO ~ 6

* d
9 Model 7 Perfect Metal 0~ a/b <« 1.0
10 i o =uq (los.sy)+ 0 < h,l.,/)\U < 6
11 . o =g % Jb
a a

12 Model 8 Perfect Metal 0« g/AO < 10
13 # o =0, (lossy)+“

14 g =0 + Jb

a a.

*
Pure, lossless, homogeneous, isotropic.

+Especially sub-cases of:

(1) Realistic metals and (2) case where

surface is intrinsically matched (377 ohms/square).

Analytical Goals

For each model find:

1. Spatial distribution of T and H fields in and around absorber

elements and in vicinity of probe.

Limit study to dominant or

most 1likely mode propagating with least attenuation losses/meter

¢(in z dir.).

2. . IL/meten (in z dir.)

3. The conversion efficiency

Thought to be HE

mode.

11

absorptivity = n = P /P . Account for
all power, including any reflected out of the absorbers.

4. Whether there are optimum ranges for:

L/lO _ Determines optimum absorber geometry
D/)\0 for-max. absorptivity and conversion.

a/b —» Determines wall thickness and losses.

Determine whether it is really necded

}1'[‘/)\0 —-

and if so what size raunge is best.

¢ and p -#- For all dielectric materfals.

54




|

o

f
=
g

———

o = Determines most dedirable gurface material,

5. Tor Model Nos. 8, 12,.13, 14, investigate attenuation lossed/metew
lengthi in 2 direction as a function of 1. (or L[XO).

6. For Model 7. show that when L/AO-> G, D/x > o, hT/AO finite,
a/b» 0, hp/ho + =& -then the analytical result§ reduce to
classical case of a wave Impiriging on a lossless diclectric.

7. For Model 8. show that when L/)\o + » and when a/b- 1,0 and
€, = €, and u, = My then the analytical results approaches the
cylindrical tﬁbe,caéeAanalyzed_by Kiely [46, Chap. IV]. _

8. TFor Model 7,.under appropriate conditions to be found or inferred,
show that when a/b = 0, the absorber approaches the dielectric rod.
case analyzed by Kiely [46, Ch. III] et.al.. May have to assume

hT }s large and that‘f.:A =€ an§ Hy = WMnp tq_show ic. .

9.__For Model.8, show that. when the dielectric material is-very lossy,
the . composite. EWEC surface approaches a perfect absorber insofar as
the incoming wave is. concerned.* May have to choose material such

that n, = A 377 ohms/square.
‘A

10. Study phase relations.of I. in each R. under each absorber. Are
they all.in phase regardless of what g is?

11. What geometrical parameters principally affect the genter.receiying
wavelength and.bandwidth along the lines suggested for. the earlier

metals case. —

Justification of Models

Here we lay out our rationale for the choices and ranges for the

above models.

@  Incident Wave Same considerations as for the metal case.

] Transmission Medium Ditto.

1It will be a poor converter to electric. power in R, under these
conditions, however. This case corresponds rqughly to the anechoid .
surfaces. manufacturéd_by Emerson. &.Cunmings [81] and analyzed by

Cherepanov [28].

55




@._ Absorher

L—-Models Progress from aimplest lossless case (Modeld

7) to the most. .complex (Model 14). with lossy di-
electric. spines and a surface metal with comple
conductivity with adjacent absorbers similarly

arrayed.

A Dielectrics Callahan's 1967. insect work [21]. clearly

shows insect spines are dieleéctric with dielectric .
constant. in the 2.5-3,0 range and_that such a
dielectric constant.about matches that of various
waxes found.on insect sensillae surfaces. and.that.
Kiely's experimental work [46] .on dielectric
antennas was based.on similar dielectrics., His.
later extensive research cited in Chap. 5-and.6
collectively SuppogpsnthemdielECtric idea.

A Smooth Surfaces appear.to be the. only sénsible
tractible. case to choose at this time.

A Geometry Essentially that suggested from the insect
sensillae, Chap. 5.. We cited .in Chap. 6 why the

2 D case was chosen. e

A. Length L . Same. considerations as for the metals case.

A Base Dimension (0 < D/A_ < 6).
Same considerations. as for the metals case.

A Hollow vs Solid Precisely what material is inside
the insect's spine is not known. Air was chosen
as the simplest.starting point. 1f it is. later.
found another dielectric constant.material is
inside instead, it is believed . the analysis of the
simpler air case-chosen could be relatively easily-

modified.

A Rounding/Truncation/Curving of the spine ends are
found on insects, but the straight sharp pointed

one chosen is the most. common .on insects. Also

Kiely [46, p 29] indicates.that McKinney had earlier

found curving a solid dielectric waveguide near
the end markedly increases the attenuation for

small radius of_curvature.

An extreme-example of rounding occurs is the
corneal nipples of irsect eyes. The choseén
theoretical model, Fig.. 7-2, covers this cace too,
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Lf we let a » o and L = nipple radius. = .h..

f  Absorber Spacing (0 < g/v < 10) .
Absorbel »pac lf A o
Models 7 and 8 are simplest case where g = o,
This corresponds to the close-packed-ddea common
in Nature's wave absorhirs,

Models 9-14 would permit.systematic Investi-
gation.of deploying the absorbers in array-like
fashion as found on insecis by increasing g.. They
also cover_the ground plane cascs from. perfect
to lossy. ‘These models.are set up so as.to cover.
all the theoretical cases likely to be of any
later design Importance.

@ The Probe The need.for a probe of some kind to couple the
EM energy. out is obvious in light of Ghap. 5 geometry found
on .insects. It is assumed 'perfect,' a part of which implies
it is lossless. Its details are not essential to know at
this point to.make analytical progress.

@ Transitioning Impédances - The rationale for these choices was
essentially covered under 'Assumptions' above, except for -
the. fact. that there are fewer transitioning sections chosen
for the Fig. 7-2 model thah exists on.insect spines,

Fig. 5-3.- This choice was.made in the hopes of simplifying _.

the analysis; but it should not be forgotten that Nature's
structures have more transitioning sections than we have
chosen for this first model.

This. completes the formal defigigigg of the EWEC dielectrics prob-

The model has been defined with care and along the general lines

as was. the EWEC metal problem of. Chap. 6. It is clear, however, that
the dielectric problem is substantially more technically complex than
the metals problem. We believe the later analytical.solution of the
dielectric problem -- in addition to advancing FEWEC research, expeclally.
solar=electric conversion possibilities via such EWEC structures -- will

also have substantial spin-offs to entomologists and others interested

in insecct control.
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Chapter 8
EFFICIENCY COMPARISON =~ METAL V8 DIFLECTRIC ABSORBERS
Rationale —Chapters 6 and 7 e¥plicitly defined -~ but not solved -- the.
two principal theoretical modéls of-most relevaince to EWEC absorber
research, (1). the metal case and (2) the dieléctric case. . If the ¢ and

H field expressions for these. twe major cases were known for.all space

would show the- theoretical losses for each, permitting a.clear choice
of-best material. type-to be made. All future EWEC research would then
rest on that choice. Thus the lowest loss material would.result in the
highest conversion.efficiency solar-electric absorber. Puat the.analyt-
ical difficulties in.obtaining such solutions, while we believe not
Insurmountable, are indeed formidable, and such results are not presently
available. -

In.this Chap. we briefly inquire into an.alternate approach aimed
at .roughly estimating the losses ==-hence,. conversion efficiency n -- for
the two cases, fully recognizing the need for later verification.and .
refinement of these early estimates. Our approach here is based on .
very rough models.which do not exactly fit those set up in Chaps. 6_and
7.. Nevertheless they can give us.some loose. guides for making early
rough estimates of probable n for absorbers to be used on EWEC solar-
electric converters. .

The desirability of achieving high n is well recognized in any -

solar-electric direct radiant converter and need not be argued,
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Loss Comparisons .In Varfous Guiding Structures

DiDomenico, a Bell.Laboratories {ibar optics éngineer, 1n a most-
significant paper [33], aucelnetly compares losses In several types of

electrical wave gulding dtructures of practical {importanca, e

—

fhowed
that: . —
Iwisted Pair Wires have a 5 db/Km loss-at 10 KHZ .
A Coaxial Line of 0.375 in. dlameter.has.a loss of 5 db /Ko

at about 10 MhZz.

A Millimeter Waveguide of.2 in. dia. has a loss of about
1 db/Km at about 100 Ghz.

An Optical Fiber, of best present art material, has a..

loss of only about 2 db/Km in the solar spectral
range.

He argues, as Ramon and Whinnéry have long ago shown [61], that

the first thuzee of these have frequency dependent losses (they generally...

increase with frequency -~ i.e. shorter wavelength =- for operation well

above;the.cut—off.frequency). Such guided structures require equalization
whereas the. loss in a fiber opti¢ medium is low and is independent of

the baseband frequency. He-also states that gigahertz bandwidths are

possible with singlemode fiber otplcs.

Losses In Fiber Optics Di Domenico summarizes the dramatic progress
recently made in reducing losses in optical fibers, from 20 db/Km
achieved in 1970 by Corning Glass Works to 2.db/Km-achieved in the

summer. of 1974 by Bell Lahs using a fused-silica-core fiber. The fiber

Communications engineers creating new fiber optic communication
systems- naturally are interested in kilometer lengths.. Such light
pipes are billions of light wavelengths. long. In. considering such
materials for possible use in EWEC solar—électricmabsorbers, note
that our interest is only in rods mA210 A long.
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materdals which appear most attractive are lidgh silica or borosilica
é W glagsos, Thede glasses can be doped to contrel the refractive dndey., 1
We.reproduce in Fig. 8-1 Di Domenico's principal.lods curve.. "The
graph showa the wavelength = dependence of the loss—measured cn a
1200..meter section of multimode fiber madé by the Corning Glass Works
and a 723 meter section.of a multimode fiber made by Bell Labs.. Note .
| that .the loss reaches values of 4 and.-2.db/Km at 0.85um and 1.06ym.
| respectively. The low loss window between 0.8 and 0.85um matches the
output wavelength from .GaAs lasers doped with Al, Thé large absorption.

- band centered at 0.95um is due to the presence of OH.ions in the glass.'" ~
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FIG..8-1 Di Domenico's [33] Measured.Loss Curve for . . |

State-of-the=Art Fiber Optics.
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We believe DI Domenléo's veasulrs on loss measurements in fiber
| optie plassed potentially aignificant for. IWEC Solav-electric Cone

verters becausgé: -

@ The dielectric materials arc probably close to the hest.
known in the -present dynamic fibeér optics techinology,
though we have not.carefully researched this fiold in
this short grant,

@ he fiber optic materials ave of glass which 4s known to

be one of. the most durable materials whein subjected

to solar radlation, as such fibérs would be 4f assembled
g Into EWEC solar-electric converters... Glasses would .seem.
; to be.of particular interest as JWEC diclectric absorbers,
‘ especially in view-of Callahan's SFM micrographs of
insect sensilla, most of which show the spines made of
a transparent materilal.

@ i Domenico's data are based on actual measurements and not
calculations. -

@ iHis data are.approximately in the wavelength range of. k
most interest.for any. EWEC solar-electric converter,
i.e.. ~ 0.3um - 1,1lum.

@ he data are based on small (about 100um 0. D.) circular
¢rogs-section dielectric rods.  Circular geometry
dielectric rods roughly in this size range -- or .
preferably smaller -~ are most relevant to EWEC
solar-electric..absorbers. The losses in thin walled
tubes probably needed for the best EWEC absorbers. f
would be even less than those for a solid rod. |

We found it interesting to take Di Domenico's lowest loas case,

at about lum, translate this to a.section only 10 X long . (to corre-

pond with about.the longest spine one finds on insects), and then.
calculate the éonvérsion efficiency of such an EWEC "antenna,'"

considering the-10 X rod as one élement. .Thé results showed a loss
of . 2.2 .x lo-a'db for the 10 A section which corresponds . to an EWEC : ?

absorber_efficiency of n = 0.999999995. This estimated abSorbéer
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afficiency_would he taptimistic,' We then rvepeated the ¢aleulation at

0.9%um where the loss is highest, resulting in a calculated "pesaimistic! -

absorber efficlency of -0,9999999194.

rowave-Frequencies For Dielectric Antennas Kiely [46, P 791

Losses At Mic

shows that fot a.dieléCtric"rod.waveguide.(polygtyrene with dielectric ...

= 2.5) of 0.46 ) diameter, operating in the HEll mode at.micro=

coustant

wave_frequengyl the attenuation is about 0.1 db/wavelength. The same

10 X spine estimate-of the previous paragraph would thus translate.

to a 1.0 db loss or an absorber efficiency of about 79 percent. Kiely !

concludes that "even for dielectric rod aerials several wavelengths..

long the attenuation is small provided the loss tangent of the dielectric

is of the-order of 107",

Mueller [57], reporting on the WW II work done omn dielectric— |

antennas .at Bell Labs, also briefly jnvestigated. thelir losses at micro-

wave frequencies. Measurements were made near 3000 MhZ on 6 A tapered

dielectric antenna rods of rectangular cross section (1/4\ x 1/2\) for .

several different materials having power factors of: styramic“0.000S,

Hard rubber .003, and acetate butyrate 0.020. The relative responses

are reproduced in Fig. 8-2., Thus at microwave. frequencies Muellerls

¢ materials result_in less .

data. clearly show that high loss dielectri

relative output. from a polyrod antenna, as would be expected. _The ) i

width of the beam at half power points appears negligibly affected-by 1

tion is less than clear on what wave-
imply wavelengths in the 10 CM. range.

1

Unfortunately, Kiely's explana
length. He seems to
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FIG. 8-2 Measured Effect of Dielectric Loss. on
; Polyrod Performance. Muéller [57].

absorber losses for these -measurements, Mueller. concludes that mate-

rials having power .factors less than 0.001 are satisfactory for polyrod

antennas--- éxactly the same figure Kiely found..

- The validity of extrapolating these microwave results to the

optical range may. be .open . to question, but Mueller's results_suggest.

to us that, as one would expect, materials chosén for the dielectric.
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. spines in EWEC should be .low loss materials -(loss tangerts less than

0.001) in the solar range ard that one could expect the absorber
conversion efficiency to fall off 1if lossy dielectrics were chosen,

The latter case then tends toward a solar-thermal converter

where, in the limit, all the—incidént wave. power would be dissipated

in the lossy dielectric ‘spines exactly as in microwave -anechoic

material. This case would also-be similar to various rough surface - !

organic coatings. used on solar thermal absorbers, as such coatings

are probably lossy dielectrics.




Logs. Comparison: Dielectric-Rods vs Coaxial Cables McKinney [51], in

onc—of. the_early significant papers on dlelectric waveguldes and
radiators, made measurements at mlcrowave frequencies -= apparently at
about 3.2 CM. wavelength =~ of attenuation in rods made of lucite

(tan §.= .01) and textolite (tan § = ,001) for various modes. He
normalized his results, comparing the measured attenuation in .the
dielectric rods .with that of a coaxial cable. He then compared thesé
measured values with earlier theorétical predictions.by Wagener who did
some .of the.earliest work on.dielectric antennas. We reproduce.

McKinney's results here in Figs. 8-3 and.8-4.
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wade- 02 Material: Lueite Coazial Cable

1.6

FIG. 8-3 The Dependence of..Attenuation in a
Dielectric Rod on.thé Diameter, d,
of .the Rod. Solid Curves are ..
Theoretical Values [51]. .

McKindery's results suggest to us that, to a first approximation,

the guide ucde is not extremely critical,_all the atténuation curves
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are Theoretical. Values..[51].

falling in the same approximate range.

More important is the matter of the diameter of the dielectric rod..
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His curves suggest, when applied to EWEC absorber elements, that it is
desirable to structure.the absorber rods so- that theird/)\0 < about
0.4 if .losses are to be minimized.. Again, one can easily-relate this
finding back to Chap. 5 wher. one finds most insect spines structurdd
long and slender.

McKinney's data in Figs. 8-3 and 8-4 further. suggest that_dif the.
rod diameter is.of the order of 1 )\ or larger, then the losses in the. .
rod are large and may equal or exceed those one would have in a coaxial
cable (metal). operating at that wavelength, It is not hard for us to

see, after cxamining SEM photographs of the microstructure of known goad ‘
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solar-thermal absorber.surfaces uscd by NASA, -- Peake [60] --

organic paint .coatings (lossy dlelectries) tend toward-hills or mounds

with diameters of the ovder.of the wavelengtih of the incident radiation,

which fact appears to nicely fit McKinney's curves.

Finally, Figures 8-3. and 8-4 imply . the_important result that.di-
electric guide structures for solar-electric .converters can be more
efficient than metallic guide- structures. (coax) 1f the diameter is
properly chosen, in relation to the incident wavelength. For.EWEC
sclar-electric absorbers his results suggest. going toward small dlam-—.
eters. to.achieve higher conversion efficiency, a result again observ-
able in Nature on the insect spines but not previously recognized_hy
us as of importance in minimizing absorber losses -- or conversely...
maximizing converter efficiency.

In Summary, our knowledge at this early point in EWEC theoretical

research in regard to.whether metal or dielectric materials are best

for EWEC converters is of a preliminary and most incomplete kind. Much

more research needs to be done in this. important.area, Nevertheless,

in spite of the many unknowns, the evidence accumulated to date suggest

to us these very . tenuou$. conclusions:.

@ Metals or .highly lossy dielectrics -- perhaps on a metallic
surface -- appear best for solar-thermal EWEC absorbers...

@ Dielectrics of low loss materials appear beést for solar-
electric EWEC absorbers and that:

A Fiber optic glass should be a .principal material
candidate, Our very rough calculations-indi-
cate that in the solar range 10 A long absorbers—
could have an-efficiency-in the 99 plus percent
range. If one considers that ordinary 1/8"
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thick windowpane plass has a-transmlssivity

of about. 907 (many llght wavelengths long), -

guch estlmated high absorber cfficiencies.

for EWEC do not seem unrcasonable.,. Other

low. loss. dielectric materials should. also

be explored iin far more depth.than has hean

. usible-dn-this short grant, -

@ The spinc diumeter should be small in relation to the
wavelength. (about 0.4 or.less), being received to
minimize losses or maximize conversion cfficiéncy.

@ All the.available loss data on dielectric anteiinas are
é for.solid rods whereas. insect sensillae suggest
{ the spines be hollow. and tapered, further suggesting

; the attenuation losses will be even.less than
: estimated here.for a solid rod.

As Chap. 9 indicates, it is also ideally necessary for the EWEC
absorbers to be tuned to the mean incident wavelength and to have.at

jeast the same bandwidth as the incident spectrum.

Putting both the materials considerations of this Chap. and the
bandwidth limitations of Chap. 9 together, it now.appears that a
conservative estimate of EWEC solar-electric absorber efficiency of

: about 90.percent.could be achieved by suitable design and material

choices; but a more rigorous analysis may modify this figure somewhat.
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Chapter 9
BANDWIDTH -- A THEORETILCAL LIMITATLON ON

k‘ EWEC ABSORBERS

9-1 The General Problem Defined

j
|
& Two important theoretical cases.were seen: -
:
s
i

@ Case I. Find the fundamental relationships between the.
f irradiating power.spectrum at. the converter and. the
- bandwidth.of .the EWEC converter for a single absorber
% element. . In particular, the effect of. the converter
5 bandwidth on. the converter.efficiency is desired. .

o Case II Since multiple length EWEC elements are also
anticipated in practical converters,t-a rough appraisal
of the effects of these on.maximum efficiency should be
known. along with whether this 1is the right direction to

proceed. -

Both cases are of theoretical importance for microwave,

SO i

power conversion, and solar conversion (thermal and electric).

= Only .rough order

felt need~d at this early stage of the research, The analysis is

similar o that used in modern electrical communications. system

theory.

dre via the morphology of insect
absorbers each resonant at a

1

Again, we take our cue from Nat
antennae where multiple- length
different wavelength are a fact.

1aser e

-of-magnitude medels and analysis estimates.were




9-2  CASE.L ANALYSIS

The Macroscopic Model -

FIG. 91 First-order macroscopic.model. for
Electromagnetic Wave Energy Converter
with single length absorber elements.

Assumptions And Definitions

. |
We assume:

1. Analysis Is Limited.to a converter.of the genéral EWEC type 1
with principal interest in its..power conversion aspects. .

2. Internal Embodiment details and circuitry of the EWEC
converter are not needed at.this time for. a first-order
analysis. The converter is presently considered.to be an-
array.of absorber elements without rectifiers.. We consider..
the converter in a macroscopic sense as an.abosrber. of
electromagnetic waves whose uséful output power, P
in RL -—here considered a lumped clement.

. appears
- aPP
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Converter Orientation is-perpendfcular to the direction .of
the incident. propagating wave, The move complex case of
other .arrival angles_is not considered 1n thls early
analysis.

The Incident Electromagnetic Wave has:

a. A single wavelength, A, 1.e. it is monochromatic,

b. Phase coherence, i.e. has a constant phase w.r.t.
some reference,_ for. any single A valué.

¢. Plane Polarization, i.e. its electric field vector, .
€, is oriented in a single direction at all times.
This. is the case.for laser. and microwave power .
transmission but is not the more complex case for
the sun.which. is.randomly. polarized.

d. A Characteristic Power Spectral Density function,
1.(0) watts/M2-micrometer. I.(\) is defined as
the power. in the impinging wave per square meter
of absorber.area for the wavelength interval between
X and A + dA.micrometers. It is also technically .
known as. the irradiance. I () permits handling
the more complex case.beyond.(a) where.the incident ..
wave-is. the summation of independent waves.at
several wavelengths.

e. An Intensity of Io watts/Mz'j[&I(A)dAJ”
o

Focus is.on the.wave as it arrives.at the EWEC converter, i.e.
we are not concerned here with how it.was launched,.the
antenna pattern of its transmitter and hence its spatial
variation, its attenuation.en.route, and other unnecessary
details.

Converter Efficilency is defined as:

n = P.O/Pl

Note that this. definition implies a given incident power
spectral density via Pl.

Converter. Power Gain is defined as:

P ()
G ==

c Pl(x)




where-P () = unlform. 'whito' irradiatlon power spectral

densityy Defining the cenverter power paln characteristic

In this way results i a convertor-pgain characteristic

determined golely by the converter. . "Converter power galn'

and 'converter efficlency' arc not nacessarily equal, . e

8. Converter Bandwidtli, B, 1s defined as the spectral range
(Micrometers) over which the EWEC coiverter vields a useful .
Po wheri irradiated with a wave .of uniform ('white') power
spectral dengity, i.e..P_(}) = constant. . A more rigid
definition, applicable tG.non-ideal converter gain.
characteristics, would be based.on the half-power. points
with. the bandwidth being the range (micrometers) between
these,

9. The Impulse Function, §(A ~ A.), is defined in the usual way
as having infinite height, cefitered on Al, and an atea of
1.0 under its curve.oem.

10. Superposition of waves and powers is assumed valid throughout.

ANALYSIS.

Further Assumptions The.absorber element length L is chosen so-—-

the converter's power response centers on the incident wavelength, Al’
i.e. the absorber is tuned to the incident wavelength. The converter
bandwidth, B, is finite and small compared to the ceéater wavelength,
i.e..B/Ai << 1. This case corresponds to an unmodulated miérowave or
laser power beam irradiating an.EWEC power converter..

Is there a. fundamental ceiling on the converter's efficlency for
this case?

The relationships can ca2sily be seen in.Eig. 9-2.

The incident power Pl on. the EWEC converter is

« 0

Pl = AIO = f[ I(\)da = é{: A0 - Al)dk

) =
ll AAO
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FIG. 9~2 Incident power spectral density IL(A), Py (}A),
and idealized converter power.gain G (A) for
the. simplest case of .all centered on Al.

The load power spectral density is, in general,

(1) B () = 4G (MNIO)

S

The maximum total.power.the load can have for the given irradiating

I(A), assuming all the-incident power .is .absorbed in the converter is: S
' , )\ +B/2 l
p =:r P_(A)dX = IJ A &(A =~ Xx;)dA !
| °©J, L I, -B/2 ° 1
3 1.
P = AA
(o] Q

Thus . the maximum converter efficiency when irradiated with.tle

assumed 1(X) monochromatic wave is
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() - Yo = Mo 100%
[H“, AAo o

The maximum efficlency would be 100 percent as long as the con-
verter passhand 'covers' A o If 1t does not, the efficieucy would be
zero,

We conclude for this simple case that theré is no-external. limi-
tation preventing EWEC converters from approaching 1007 éfficlency.
The limitations are cntirely within the converter and déetermined by
the .losses . therein, as expected.
9=2.1 SUB-CASE A

Now assume the incident radiation power density .is widened to
equal the converter bandwidth. This case .fits that of a modulated
power laser or microwave source irradiating an EWEC converter centered

on.kl.v Is there a ceiling on the converter efficiency n for this case?

The situation is shown in Fig. 9-3. The incident power is

o )\‘1 +-B/2
Pl = AL = éf IX(A)dx = %I A dx = AA B
) ) o
0 A, = B/2
1
The maximum total power is
. _ A, + B/2
P = é[ P.(A)dXx = e[ G (MIM)dr-= f[ A dA
© o U o © Ay - B/2 ©
P = AA B.
o . o

Thus the maximum converter efficiency when irradidted with the

given I(A) 1is, as expected.
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FIG. 9-3 1Incident power spectral densiiy and

tonverter power gain when both have ..
identical bandwidths B and are
centered on )\l.

Again there is no external limitation on achieving 100% converter

efficiency. .
9~2.2 SUB-CASE B .

Now assume the: incident radiation power spegtral density is

further widened so that its bandwidth, Bi’ always exceeds the con-

verter bandwidth B,

Is there a celling on n for this case?
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The situation {s shewn in Fig, 9~4,

)

I(\) = Incident .1adiatior

I(\) -8,
° B B
0 A5 Y A\t 5 e

] ldealized converter . .
! l ‘_/power qain
. |
|
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FIG. 9-4 Case where the converter bandwidth .is
narrower than the incident power
Spectral density.

The incident power ig

_ Ay + Bi/2
Py = AL = ﬁIm IM)da = f[
0 A

The maximum load power is.

_ . A+ B/2.
P = ‘f P, (A)dx = f[ G (AL (A)dA =v§J Ajdx.

(o) o

A d\. = AAOB.i
1 Bi/2

PO = AAOB

And the mazimum converter efficiency is
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The assumption {s that the converter passhand lles within the
{nceident radiation pagsband, If Lt lies outside the. Incldent pasa-
band the efficiency becomes zero,. Obviously we would not want.to
design the converter for the latter case. If the: converter. passbhand
lles .partly within and partly outside the incident spectrum, i.c. it
is improperly_tuned, the converter efflciency will be correspondingly
reduced. This trivial case is not treated here, as oneé would .not

intentionally design such a.system.

The Conclusion for.this sub=case 1s that for a fixed incident

radiation bandwidth, Bi’ the maximum converter efficiency is directly
proportional to the. converter bandwidth B until it equals theé incident
radiation bandwidth.. Thereafter the effic¢iency stays constant at a
maxilimum value of 1.0.

We summarize the results of the Case I analysis n Ti3..9-5.

The result has important implications for EWEC research in micro-
wave,_infrared,. and solar spectral raiges. It clearly says that,
ideally, the converter bandwidth must ‘match’' or exceed that of the
incident radiation if conversion efficiencies approaching 1007 are -
sought. There appears to-be no particular theoretical advantage,
however, in having the converter bandwidth appreciably exceed,Bi.
Finally the absorber must be tuned to the same -principal wavelength
as.the irradiating ¢lectromagnetic wave -- a.result not commonly

appreciated.
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FIG. 9-5 Plot of maximum converter
efficiency as a. function of
bandwidth ratio
B _ Converter Bandwidth
Bi = Incident Radiation Bandwidth

9-2.3 SUB-CASE C

Now assume we have an incident radiation spectrum of Fig. 9-6.
This important case is a rough piecewise linear generalized approxi-
mation for the sun's power spectral density. .

What 1is Nnax for the EWEC converter as a.function of converter

bandwidth?

The. incident power is

1 AIO = AJ:'I(A)dA

4+ Ay ABJ

1
2

s
[}

1 - ). -
Ay By Ay = Ay + 4,0y - 2

- )
'3) + AO(A AN

5 4

L}
~
o=
r~
{
1
!

{
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FIG., 9-6 A generalizédvpiecewise linear approximation
of the sun's power spectral density
irradiating an EWEC converter with bandwidth

B centered on.Al.

Eq. (5) suggests that the sun's assumed irradiance curve in
Fig. 9-6 is roughly equivalent to that shown in Fig. 9-7. Both curves

have a bandwidth

A, + A Az + A3

©) B, = (5 - (D)

The equivalent I(A) is centered on the mean wavelength, Am,

of the original power spectral density curve or

(7 A =_~}:(A__+>\

o .+ A ,+ )\5)‘

2 3 4
With the recognition of the équivalence idea, this case veduces
to.Sub-Case B above. where it was shown .deslrable to have.B 3.Bi for.

maximum converter efficfency. The converter passband should be tuned
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FIG. 9-7 Power spectral density.curve roughly
equivalent to the more complex one
for the sun in Fig. 9-6.

to Al = Am'.

The result is that the curve of nmax for.this sub-case is the - ;

same as Fig. 9-5. It is all the clearer now, howéver, that to achieve
the -highest theoretical converter efficiéncy for solar-electric or
solar thermal .conversion, ideally (1) the EWEC converter bandwidth
nust equal that of the sun's equivalent power spectral density curve
for the irradiation arriving at the converter, and (2) that the.
converter's overall power gain curve-should .be centered .on the mean
solar .spectral wavelength, Am._‘Since the sun's spectrum at the earth'
surface is roughly from 0.3 to 1.l micrometers [65] the EWEC converter
should be centered approximately at: _

Am~= 0.7 micrometers .

B = 0.8 micrometers
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These flgures represent a fractional handwidth B[lm.of 1.14 .for the
converter. . Whether such a fractional bandwldth can, in fact, be .
achleved with FWEC converter eleménts of a single- length remaing to
be determined by, subsequent research... If it caﬁ,,then,therevappears
no fundamental external. recason Why converter efflclencies approaching
100%_cannot be built. Naturally realistic efficiencies will be less
because .of internal absorber and rectification.losses.

9-3 CASE II ANALYSIS

The Problem

Sub-case C above indicated. the need for large . fractional band~
widths of the EWEC converter when operated as.an efficient salar-
electric converter. In the event such fractional bandwidths are not
subsequently-achievable with converter elements of a single length,
it is instructive to investigate the theoretical possibility of using
multiple length absorber elements. The first obvious step is
consideration of two lengths of absorber elements.

What Noax could be expected for this configuration?

The model to be analyzed is shown in Fig. 9-3.

Assumptions

1. L hence implies converter elements in area AlOL cente.r

20 > Mo’
on a shorter_spectral wavelength than. those. in area AZO'

2. FEach.Area has a passbandwidth, Bjg and BjQ, associated with it.
Obviously this means the fractional bandwidths for each area.

won't be the same.
3. No Overlapping of passbands for the two areas.

4. . Each Element passband is centered somewhere within the incident
irradiation band.

5. The Two Lengths of absorber elements occupy arbitrary frac-
tional parts of the total absorber area.. The possibility of
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Interspersing the two lengths of elements. 8. also. recognized
based on observaticng of inscct.antennac. .. This more comp lex
case. has. too many unknowns to concern us in this early analy=-
sis, however. What advantages intevspersing as in naturel
other than a means of increasing bandwidth may have are-not
known.at this time.

6~ The Incident Spectrum (sun) is approximated as in sub-case C
Fig. 9-7.

The Macroscopic Model ...

. co\

A
) \GG'{ el -
P‘%““ gi pot

(po o,_,x?‘{

| "Ry

Ay =Total Area
/J =Ap+ Ay

FIG. 98 First-order macroscopic model for
Electromagnetic Wave Energy Converter
with two lengths of absorber elements
dispersed over the total area.

Insect antennae again! It is interesting to observe that the success- -
ful solar-thermal EWEC-=like absorber.created by Cumo, et.al [31l] of

IBM had .this same idea with Lpgp 40~60um and L1g of 10um average. - They
call the arrangement "a dense forest" with."underbrush." They also
observe "This. double dendrite Structure.may be responsible. for the

very large wavelength range of absorption." (0.5-40um). No.
theoretical explanation was advanced, however.
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Analysis

The.analysis procedure Ls generally similar fo that of Case 1.

Thé incident power 1ig,

+ AZO)AoBi

To find the output power we use Flg. 9-9.

App==——————- =
|
. |
I()\) ) 1-—8.-—1-—-—-.-
|
I
0. +
o b e M -
1.0 pr————————— T ———- —r—
4 E > ! € 820
[}
Gel A) ! !
¢ B[Q-’lv: - II
! {
0 } }
0 . X |’ A20 A
‘o~ B0 Aoy B
2 2 )

A20 _5522. Ao, 82_20”

FIG. 9-9 (Upper) Rough equivalent of.the sun's.

power spectral density (from.sub-case
C) .— (Lower) Assumed.power gain for
the two element EWEC converter.. The

I(A) in the upper sketch simultaneously

irradiates both converter areas.

The naximum converter output power from area AlO is

P =A [P (A\)dX =A, . [ G M) IO)d—
0. 10 o 10 '10 o clO
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Similarly the maximum converter ocutput, from area A?O is

P =-A A B
020 _20 o 20

The total array,output“powér-is“simply that from the two areas or

F =D + P = A AB + A, A B
o .0y, 020, 1070.710 2070720

= A (A1 Byg + AygB)g)

The maximum converter efficiency when irradiated with the assumed

sun's equivalent I(\) is

ngf_g_AU’lOlO AP0 |
Pl .Ao(A )Bl

A.. B A B,

0. B2

@ 0= 204 2 2

Ar " By Ay B

Eq. (8) is quite general and is the result sought. Note that it
reduces to Eq, (4) if either ALO or A20 = 0, as expected since. the
absrobers are then all of a single length.

If we now assume-AlO 20, i.e. each .occupies. one-half the total

converter area, then Eq. (8) shows

B10 BZO

n=0.5~—+ 0.5

B By

requiring that both bandwidths be equal and BlO + BZD = B,, then
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9) n = 50%

It 1s immedldtely.clear thatothe reason the-converter's effilclency
is no higher is.becausa.cach ared 1s absorbing, at most (when it has
B =vBi/2),.on1y half the.input power spectral dengity becausce of the
assumed bandwidth limitation of each length absorbér elemernt, If
larger fractional bandwidths can, in fact,.be achieved for ecach absorber
area,. then converter efficiency will theoretically increase proportion=
ally. Overlapping of absorber passbands would alsoc appear to increase
the conversion efficiency. Obuviouvsly this pogsibility as well_as the

optimum location of A,, and A for .the actual sun's spectrum should.....

10 20

be theoretically examined in subsequent research along with determining

the maximum fractional bandwidths.achievable. for. operable absorbers.

Then the whole more complex proposition of incoherent.and randomly

polarized € field irradiation should also .be theoretically researched.
The Result.is that Eq. (8) defines the basic..theoretical maximum

EWEC converter efficiency under the stated assumptions. If large

absorber fractional bandwidths are not achievable with a single

length absorber cone or pyramid design, then the altéernative is two

lengths of absorber eleiients each with a smaller but probably achievable

bandwidth.

lThree or more lengths are dlso obviously possible but appear less
desirable from both converter efficliency and later manufacturing
standpoints.
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1t 1s further clear that with.some overlapping of absarber. -
passbandd the maximum efficlency could excead 907, reaching 1007 1f-
cach .¢lement 's.bandwidth ‘matches' that of the equivalént_sun.. Bul...
then the case would have merged to be .dentic.) to the single length
absorber case treated carlier!

It is also clear that whether one uses a single leéngth absorber

element (preferred if the required fractional bandwidth is achievable)

or two lengths the maximum theoretlical EWEC conversion efficiency
appears so much higher than that of.the conventional silicon solar
célls 15 percent efficiency as to make it.worth striving for..

Finally, we recognize this early crude theoretical analysis
could be refined later to include non-idealized passbands, overlapping

and other detailed effects.
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Chapter 10
DISCUSSTON OF RESEARCH RESULTS e .

Insects And Electromagnetic Waves This rescarch let us-accumulate,

study, summarize, and cohercntly organize a-large body of existing.
sclentific research knowlddge on insect navigation and communication
means via electromagnetic waves. Additionally, we found it essential

to extend present scientific knowledge to the detalléed elcctro-optics.
and probable operation of a single insect dielectric .antenna spine by
advancing an hypothesis for explaining its operation. It appears to fit

presently known.facts in both entumology and electromagnetics.. It is

clear that understanding the single spine well is the foundation on . .

which later more quantitative theorétical research can safely be built.

This important theoretical work has, in a broad.sense, only begun. .
The understanding therefrom will benefit both entomologists and their
concern for electrical control of insects as well.as EWEC technology.
Unfortunately, the grant period was too short to get the summary .of this
work published as originally planned. Instead it was incorporated
herein (Chap. 5). We are hopeful of publishing it.later.

The structural similarities.of the marvelous antennae found on
insects (Chap. 5) and the tvpe absorbers proposed for man-made EWEC
absorbers (Chap. 2) are now so strong and so thoroughly documented
(Chap. 4 and elsewhere) that we no longer have even the slightest doubts
about the general validity of the-EWEC concept as being a worthy-
direction.for solar advanced research to pursue. The wull-known
philosophy of 'learning from Nature' appears -- once again ==

36
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vindicated and, in out,judgmentw,is,éxcéptionally pertinent.to RWEC .

rescarch. It lends more.than rhetorical credence to the notion. that

"rhe insects may, point ug .out of .the_cnergy criata" 1f we correctly

{nterpret the qpefation of their antennae and. aggredsively follow~-up

the iﬂdicated.EWEC‘rgagarch..m i

But we.are well aware of ..the 1imitaticons of this analogical think-

ing between Nature's structures and man-made LEWEC converters. . There is

a point beyond which Nature's analogles cannot be.préssed éxcept in .

a very general way. One of these lies. in the large surface areas

inherent to man-made FWEC. solar converters., Such converters would

involve many billions of .spines whereas considerably smaller numbers

are to be found on insects because of their small size-and the fact

their antennae. appear primarily designed a3 signal converters instead

r converters. as EWEC research. seeks. There. is also the

of power

1imitation: of the rectification means used in nature in the insect

antennae to.get thg;electnical_signal into the insect's nerve. While

our present knowledge of the details of the biological caonverter used

in Naturel are considerably less than satisfactary, it is evident that

{t is most probably optimized for best signal-to-noise ratio, as Van

Der ziel's [75] early work indicates, and not tor maximum power

conversion efficiency as would be necessary for .the rectification

means on man-made EWEC power-converteré.

rectification may be a.result of long
ker. point contacts.
1y to include it

lwe-have hypothesized that
chaln molecules forming the ultimate in cat's whis

We briefly explored this notion, but it is too ear
herein. ’
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Some.wlll undoubtedly argue that the Insights achieved Into.
Lhsect antenna operation during the course of this research grant are,
once explained (Chap. 5), rather obvious to thoge akllled In electro-
magnetics,  Such critied.uge the well-known wisdon of 20-20. hindsight

and fall to realize.both. the difficulty of original research and that .

practitioners ol electromaghetics largely have not heretofore BOCTL o

digposed to explore insect antennae any more than entomologlsts -~ in
the maln, other than Callalian -- have been disposed to cxplore cleetro=
magnetics. Nor have solar énginecrs -- in the main -- heretofore.scen
either field as relevant to what they are attempting to achieve!

All these initial insigh:s are indicative of the interdisciplinary
nature inherent to such advanced energy research.

The Metal And Dielectric Theoretical Models were explicitly formulated,

for the first time, in this research (Chaps. 6 and 7). A .careful study
of Figs. 6-1, 6-2, 7-1, and 7-2 reveals large areas .of inherent common=
ness —- not heretofore appreciated =- between radiant-thermal and
radiant-electric absorbers of the general FWEC type. We now see these
as sub-cases of the larger physics field of wave-surface interactions
(Chan. 4) where the morphology of the- surface ig deliberately designed
to achieve a specific result, e.g. solar-thermal absorption. A part of
this new insight lies in recognizing the notioﬂ that solar-thermal
and solar-electric absorbers are theoretically linked.and are part of
a_continuum of wave-surface interactions on rough surfaces. -

It appears this grant's rescarch is but the first step toward a

fuller more ¢omplete theoretieal understanding of .such wave=-surface
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absorption interacrlons. We bBelicve ft could lead. eventually tod

@ Vetter Solar Absorptivity Surfaces.by controlling the
material and surface morphology, thus 'tuning' the sur-
face to the incident spectrum,

@ ligher Absorptivity/lmissivity surfaces for metals by
preselactlig the spine lengthd corvectly din relation
to the wavelengths to be absorbéd whlle gimultancously
minimlzing the antenna's ability to reradiate at rmuch
longer wavelengths,

@ Practical Diclectric Absorber Elements for high efficiency
solar-elcectric converslon. .

Lt had been our inltial hope to rigorously analyze thesc models
starting from Maxwell's eyquations; but such a venture proved much too
ambitious for the short 6 month grant period. Instead we¢ opted for
performing a careful definition of the explicit technical problems
which are now known (Chaps. 6 and 7) for the first time. Hopefully the
orderly analysis can now proceed in follow=on research. It is recog-
nized the analysis is a formidable theoretical undertaking.

The Rough Efficiéency Comparisons made in Chap. 8 were most.revealing --

even if they are only approximate estimates. The comparison showed,

for the first time, we believe, a semi--plausible theoretical basis for . .o

1
why metals™ are probably best for radiant thermal .converters -- a fact
long known to solar thermal engineers. but not well understood -- where-

as dielectrics appear more promising for absorbers to be used for later
radiant-electric purposes. It is now clear,. however, =-- thanks..to the

early work done by Bell Labs on dielectric antennas at microwave

l’l‘he success of cuomo [31], et al at IBM with EWEC-like nmictallic
surfaces is a case in point.
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fraquencies -- that for the lattér purpose the dielectric material
must be gselected with caré to have a minimum loss tangént Iin the.wave=
length rangé being received 1f conve. - !»n éfficiency, n, 1s to be
maximized.,

It appears, based on these rough éstimatés -=- which must be -
verified by latér more quantitativé theoretical 'field' approaches --
that EWEC dilelectric absorbers having an efficiency of over 90 percent
(a conservative.estimate if the dielectric matérial is carefully ¢hosen)
could, in principle, be created.for the solar wavelength range. _

The_high. expected efficiency of EWEC dielectric absorbers. coupled .
with the high efficiencies theoretically attainable when the absorber
bandwidth equals_or exceeds that.of the radiant spectrum (Chap. 9)
strongly suggests that the dielectric absorbers are not a fundamental
limitation to eventually creating a successful high efficiency solar-
electric converter even though.we. do not yet know the detailed design._
equations for making EWEC structures to prescribed specifications.

The principal limitation to the EWEC invention.may well be the
rectification means. -~ a subject which we recognized some years ago
but was beyond the scope of this short grant. However, Javan [43],
Gustafson.[37], Van Der..Ziel [75], and others have done early research

in this direction. Additional.research on the géneral problem of how

to rectify the electrical output of the EWEC dielectric spines is
clearly needéd..

The Research Goals In summary, at this point in time we have strong

indications from this research that for an.EWEC solar-electric
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- i converter:

_Material

Geometry

Losses

Cénter Freq.

Bandwidth

Beamwidth

Array Spacings

Should probably be low loss
dieiectric.. .-

Tapéred hollow conic in thé range
of about 6 X long.

Not greater than 10. percént of -
the irradiation 1f. the absorber.

materlal is chosen for minimum.. . _

loss in the solar range.

Prediction . awaits later analysis..

" 1t is very elear, however, to

us that the absorber length _
must be tuned to the mean
wavelength of the irradiating
spectrum.

A theoretical first-order. model
has been formulated and analyzed
(Chap. 9), giving considerable
new insights.

No advancement made _in this area..

The theoretical._models proposed
(Chaps..6 and 7) encompass all
the cases likely to be. of any
later practical importance from
close~-packed to wide-spaced
periodic structures.

Though not analytically yet solved, .

the explicit problem definition
of Chap. 7 is a substantial step

achieved whic¢h had not béén done ~

heretofore.

Conversion Efficiency -- Conservativé estimatés are 90 per~

cent for diéleCtric absorber
structures. alone if it is chosen

so it is tuned to thé irradiating

spectrum and also has. a matching:

bandwidth. If a fractional band-
width of only 0.5 can bé. achieved,
then theé absorber efficiency would.
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decréase to thé 45-50 percent .
rangé -- &till much above the 15
percént of the silicon solar cell.
The losses in the rectification
means would décrease these figures
an unknown amount,

Clearly the reséarch goals outlined in Chap. 3 wére only. about
70-80 .pércent achieved,_the grant period being too short and only
part-time work involvéd by all personnel. Nevertheless, overall, we
believe it fair to say this short.austeré grant has made it possible to
substantially strengthen the .scientific basis for the EWEC concept,
and this was the principal general goal; but much more theoretical re-
search yet remains to be done.before the EWEC concept is understood to

the point specifi¢ radiant-electric hardware can.be designed and -built

that will.in fact work in the solar wavelength range.




Chapter 11 .
CONCLUSIONS.. ..
Based on the évidénce accumulated.during this short preliminary
theoretical research we conclude that:.
1. The Importance of Direct Conversion Advancéd Research for
both radiant-thermal and radiant-electric cases appears

established in light of the Nation's larger energy
problems (Chap. 1). .

A market potential. in the.range of billions of
dollars i seen .for a successful low.cost.solar-electric
: converter —~ a considerable inceéntive in addition to
a the great.beneficial relief from exhausting our fossil
fuels which such a c¢onverter would ténd toward.

2. The Electromagnetic Wave Energy Converter Concept is clearly . .
another major new research option -- in addition-to
conventional solar cells.-- open to those in the research
community who.continue to believe high efficiency direct
conversion .to eléctricity can evéntually be achieved
without. resorting to thermal cycles and their limitations. .

3. The Scientific Basis for. the EWEC concept is now on a substan-~ ;
tially firmer basis than.when this research grant began. i

4. The Potential Advantages of EWEC envisioned in Chap. 2
appear reinforced in that:

A  Absorber Efficiendéy of about 50 percent.or. more
appears easily theoretically possible under
the- assumptions made.

A" Function Separation Capability, i.e. the ability.
to separate-absorption means. from rectification
means -inhereént  to. the EWEC concept, appears
continued valid. This research only prelimi-
narily examined the absorption problém, however, .
and little attempt was made to explore rectifi-
cation,

A Power Spectrum Matching Capability of EWEC is ..
gréatly reinforced both from the insect-research
(Chap. 5) and-from theoretical considerations '
(Chap. 9).
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A—The Other Advantages were not explored in this v SR ,
research..

3. Understanding Insect Absorbers of électromagnetic waves i l
the.Infrared wavelength range, especially-of single poly-
tubular dilelectric.spines, point toward sensible directions
for future engineering research on EWEC converters. . This.
large-body  of scientific knowledge, as 1t bears on EWEC
research, was brought together, documentéd, and cohérently
- organized for the first time (Chap. 5). -

6. Radiant-Thermal and Radiant-Eléctric -absorbers are now .seen
as both related theoretically and sub~parts of the larger .
physics field of electromagneti¢ wave-surface interactions.
This field was.summarized and coheréntly organized for
the first time (Chap. 4) to our knowledge. Substantial.
mathematical=physics prior work has been done in this.
field; but .such theoretical work largely has not been
directed toward the utilitarian ends sought .in EWEC
research, i.,e. the creation of bétter .man-made solar-~ -
thermal and solar-electric converters.. ..

7. Explicit Technical Models haveé now been formulated (Chaps,_
6 and .7) for the.first time and thoroughly justified.
The mathematical boundary value problems . they pose have.
not, however. been solved. These important models define
the technical heart of the: EWEC concept for the two
important .cases of metallic.and dielectric.materials., ...
The dielectric case appears to be-the most technically
complex case, .

8. Metals vs Dielectrics were examined roughly in Chap. 8. It
preliminarily appears that metals are best for radiant-
thermal conversion whereas. dielectrics appear more promising
for radiant-electric converters. We further conclude that,
conservatively, EWEC dielectric absorbers alone if made of .
low loss dielectric material.could have éfficiencies.in
excess of 90.percent in the solar spectral range.

3 9. The Bandwidth of EWEC absorbers is an important theoretical.
: constraint, it being found desirable to have the absorber
both tuned to the incident spectrum as well as, ideally,
matching its bandwidth. Fractional bandwidths greater
than Q.5 are desirable..

This research indicates._the preliminary technical feasibility =- -

on a broad basis -~ of the EWEC concept. No major téchnical flaw
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E‘ turned. up_in the.basic conéept.. To thils. end these results have been most
encouraging, tending to verify earlier expectations for the invention.

1t 18 too early, however, im this reséarch.to conclude that the.
overall technical feasibllity of the EWEC concept is definitely proven,.
as many major theoretical aspects yet need to be examined more care-

fully.

N T e T T T e T
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Chapter. 12

RECOMMENDATTONS -
It is zbundantly. .clear frOm“thisvﬁeport,that.Substantial more
scientific_and engineering reséarch is needed on. EWEC before -its
potential.advantagas can be realized.

§ To continue advancing this important early EWEC research, we-

recommend that:.

1. An Ongoing Research.Program on EWEC. be initiated.

Without it progress will stop and a practical high
efficiency low cost direct solar~electric converter --=
beyond classical salar cells =- may never be created.

2. The Research Thrusts be in the areas of: —_—

: a..
4 of the electro-optics of insect antennas...

extremely useful in both science and_engineering
areas.

To. be most beneficial, such scientific.wark should
occur in the general areas of:

A Studying the insect antennae material
compositions more closely as a check on .
the . hypotheses advanced in.Chap. 5.

A Exploring,the.coupling probes in more detail
than heretafore.

b.. Exploring the rectification.means used in
Nature, i.e. how the spine's output is
convéerted to an electrical signal -- without.
semiconductors -- at the nérve output of
the sensilla.

e

- b. Engineering Theoretical Analysis of:

The ‘'metal' and tdielectric' EWEC models
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Scientific Research .should continue in the general area

Such work has been concretely shown to yield benefits
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C.

d.

axplicitly formuldted and.justificd in
this report, .

Once solved, the analvsds shiould.be
extended. to the 3-dliiendional case as
well as.to statistically varying abisorber
lengths, as thesé will be-of later
importance in practically fabricated EWEC
surfaces (solar=thermal) and converters
(solar~electric).

A The important problem of the.EWEC converter
irradiated with.non-isotropic stochastic
electromagnetic .fields as. the sun émanates.

This research would permit EWEC modeling
to progress beyond. the present plane wave
classical case toward more realistic solar
waves ..

A Mic¢rowave Experimental Program.be initiated aimed at

constructing and checking the general validity of

dielectric absorber arrays. of.EWEC type shown in

Fig. 7-1 and.1-2,

Such experimental work, if well planned and executed,
could profitably guide both. the future theoretical .

and materials research. . The-results in the microwave
range where.experimentation is tractible.could later
be scaled to the solar range.

Studying The Power Rectification Problem for EWEC in a

creative preliminary way.

This early work would involve summarizing the prior
golid state physics work in-depth and .probably
creatively exploring new means for rectifying in

the. 0.3 - 1.5um wavelength range. This work might
also involve extending some of. the long chain organic
molecule rectification.ideas. created .during the
present. grant (but .not reported herein in-depth).

The eventual success.. of an EWEC solar-electric
converter hinges on solving_the rectification problem
in. a technically.efficient, practical, manufacturable
way .
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¢. Materials Research should be initliated on:

A EWEC-like metallic surfaces. at solar
wavelengths. intended for solar~thermal
convergion. uses.,

This effort.would be experimental In nature.

It 1s too early to initiate -experimental
research on.dielectric surfaces exéept at
microwaves,

A Dielectric materials.with the_aims of: .

1. Exploring whether a material technology
exists for making large. area dielectric
spiny surfaces., If not, can it be
¢reated? What favorable prior art.
exists? —

2. Exploring material and processing
problems likely to be encountered .

in developing a practical technology _ .

for fabricating EWEC absorbers,.
assuming the theowretical analysis

recommended .in 2-=b continues to -

appear favorable,
It i1s clear that. the recommended advanced research is.strongly
interdisciplinary in nature and, if pursued, must be with this

philosophy.

98




ACKNOWLEDGMENT

We.are grateful to NASA for apousoring thig advanced rescarch,

We are particularly grateful to Mr. William R. Cherry, formerly with

NASA == now with ERDA, for his dynamic encouragement of EWEC research
over several years and.under whose direction the invention was made

in .1968. More.recently, Mr. H, J. Peak and his group of scientists .

and engineers.at Goddard Space Flight Center have..provided tangible

support, and.openness to creéative ideas, the vital sparks of continued

encouragement, and helpful technical information,

The interest of Dr. A, Van Der Ziel in EWEC.research has been

a source of encouragement to us.. Qur discussions with this great

researcher and scholar have been most.helpful.

We.are also grateful to the USDA, particularly Dr. Derrell L.

Chambers, for making the.vital_services of Dr, Callahan .available

to this tesearch.in>the"unique interdisciplinary combination of an

Entomologist teamed with Electrical Engineers.

We are indebted . to.Mr. James .Heaney, EE graduateNStudent,vfor

assistance in accumulating the prior relevant research literature ...

and for help in numerous ways_with the writing andvaSSémblingﬂof_i

this report. ' The graphics were made by Marge: Summers and Terry.

Schubert, Mr, Mike Huddleston assisted with the Fire Ant_data {in

thé appendix.

Finally, translation of our manuseript to readable type was

accomplished by Betty Bailey ‘and Edwina Huggins .

99




10.

11.

12.

13.

RUFERENCES

Batley, Robert 1., U, 8, Patent No, 3,760,257, issued Sept, 18, 1973,
(Assigned to NASA under Fletcher's name,)

Bailey, Robert L., "Flectromagnetic Wave_EnergyAConVersiQu,” NASA
Technical Memorandum No. NASA. TM=X-62,269, Proceedings of NASA lLasér-
Energy Conversion Conference, Moffet Field, CA,, Jan, 18-19, 1973,

‘Bailey,.R. L., "A Proposed New. Concept -for a Solar-Fléctric Converter,"

(Copies: Dr. Kenneth W. Billman, NASA Ames Research Centeér, Moffet

Field, CA.__ 94035.) -

ASME Journal of Engineéring For Power, April 1972, pp. 73-77.

Bailey, Robert.L., Research Notes whileé at Goddard Space Flight
Center, Summer, 1968 (unpublished).

Beckman, Petr and Spizzichino, André, The Scattering of Electromagnetic
waves from Rough Surfaces, [New York; MacMillan, 1963].

Bernard, Gary D. and Miller, William H., "what Does Antenna Engineéring
Have to Do With Insect Eyes?", IEEE Student J., Jan-~Feb 1970, pp. 2-8.

Bernhard, C. G., "Structural and Functional Adaptation in a Visual
System," Endeavour, Vol. 29, (1967), pp. 79-=84.

Brown, William C., ngatellite Power Statioms: A New Source of Energy?'', .
IEEE Spectrum, Vol. 10, No. 3, March 1973, pp. 38-47.

Brown, W. C., “Progress in the Design of Rectennas," J. Microwave Power,

Vol. &, 1969, pp. 168-175. .

Callahan, Philip S., Tuning into Nature —--Solar Energy, Infrared
Radiation, and the Insect Communication System, [New York,,ﬂﬂ Y.
Devin-Adair Pub. Co., (in press)]. )

Callahan, Philip S., '"Insect Antennae with Special Reference to the
Mechanism of Scent Detection and the Evolution of the Sensilla,"
Int. J. Insect Morphol. & Embryol., 4(1): J0-000, Pergamon Press,
1975, .

Callahan, Philip S., “"Lager in Biology," Laser & Elektro-Optik, Vol. 2,
June 1975, pp. 38-39. .

Callahan, P. S. and Lee, F., MA Véctor Analysis of the Infrared
Emission of Night Elying Moths with. a Discussion of .thé System as a
Directional Homing Device,' Ann, Entomol. Soc. Amer., 67(3), 1974,

pp . 341"55 .

100




N T e A e

REFERENGES (Cont'd.) — —

14,

16,

17,

18,

19..

20,

21.

22.

24,

Callahan, P, §,, "Studies on the Shoothover, Mypsipla grandella
(Zeller)  (Lep, Pypyalidae¢), XIX, The Antenna of Insects as an
Flectromagnetic-Sensory Organ," ~Turrialba, 23(3), 1973,

pp. 263-74,

Callabhan, P, 8, and Carlysle, T, C., "A TFunction of. theé Epiphysis
on.the Foreleg of the Corn Farworm Moth, Heliothis Zea," Ann.,
Entomol, Soc, Amer,, 64(Ll), 1971, pp. .309-11,

Callahan, P, S., "Far Infrared Stimulation of Insects with the
Glagolewa-Arkadlewa Mass Radiator," Fla. Fntomol., 54.(2),.1971,
pp. 201-04,

Callahan, P, S,, "Insects and the Unsensed Eavironment,'" 1971,
pp. 85-96. 1In R, Komarek (ed.), Pro¢, Tall Timbers Conf. on Ecol.
Animal Control by Habitat Management,.Tallahassee, FLA.

Callahan, P. S., "Insects and the Radiation Environmeént," 1970, s
pp. 247-58. In R, Komarek (ed.), Proc. Tall Timber Conf. on Ecol.
Animal Control by Habitat Managemeént, Tallahassee, FLA.. !

Callahkan, P. 8., "The Exoskeleton of tlie Corn Earworm Moth, Heliothis
Zea. (Lepidoptera:. Noctuidae) with Special Reference to the Sensilla
as . Polytubular Dielectric Arrays," Univ. of Ga. Agric. Exp. Sta,

Res., Bull., No. 54, 1969, pp. 5~105..

Callahan, P. S., "A High Frequency Dielectric Waveguide on the
Antennae of. Night-Flying Moths (Saturnidae)," Applied Optics, Vol..7,
August 1968, pp. 1425-=1430.

Callahan, P. S., "Insect Molecular Bioelectronics: A.theoretical. !
and Experimental Study of Insect Sensillae as-Tubular Waveguides with
Particular Emphasis on .their Dielectric and Thermoelectric Properties,"

Callahan, P. S., "Electronic Instrumentation for Infrared and Micro-
wave Studies of. Insect Communication Systems," Proc. 19th Annu. Conf.
Eng. Med. Biol., San Francisco, CA., 225, 1966, p, 157. .-

Misc, Pub. Ent. Soc, Am., 3(2), 1967, pp. 313-47. . i
i
1

Callahan, P. S., "A.Photoelectric~Photographic Analysis of Flight i
Behavior in the Corn Earworm Heliothis Zea, and Other Moths,"  Ann. J
Ent. Soc. Am., 58(2), 1965, p, 727.

Callalian, P.. 8., "Intermediate and Far Infrared Sensing of Nocturnal

Insects, Part I. Evidences for Far Infrared. (FIR) Eléctromagnetic

Théory of Communication and Sensing in Moths and its Relationship to

the Limiting Biosphere of the Corn Earworm,! Ann. Entomol. Soc. Amar.. —
58,_1965, pp. 727-45. S i

101

——
—
S
-
b




A R

REFERENCES—(Cont 'd )

25, Callahan,P, S,, "A Photographic Analysis of. Moth Flight Behavlior
with special. Reférence to the Theory for Electromagnetic Radiatlon
as. an Attractive Forec Betweén the Sexes and to. Host Planta,"
Proc, XIT Int, Congr, Entomol., Londen, 5, 1964, p. 302,.

26, Callahan, P,.S., "Behavior of-the Imagio of the Corn Larworm,
lleliothis Z%ca (Boddie), with $pecial Referencé.to Emergence and
Reproduction," Ann. Entomcl. Soc, Amer,, 51(3), 1958, pp. 271-83,

27..-Childers, D. G., “Antenna Reception of Nonisotropic Stochastic.
Fields,"J, of thée Franklin.Institute, Vol. 282, No, 4, October.
1966, pp. 216-230.

; 28.. Cherepanov, A. K., "Reflection of Electromagnetic Waves from an
E Absorptive Spiky Surface,'Llektronika, Vol. 19, August 1974,

E pp. .1749-53. In Russian. Translation aveilable through No.
Carolina .Science & Tech., Research Center, No. A74-43090.

29, Clapham, P. B, and Hutley, M, C,, "Reduction of Lens Reflection
by the *Moth Eye' Principle," Nature, Vol, 244, August 3, 1973,
pp. 281-282.

30. Come, D. R., Stanford Research Institute, private com.unication to
Professor R..I. Bailey.

31, Cuomo, J.,. Ziegler, J. F, and Woodall, J..M., "A New Concept for
Solar Energy Thermal Conversion," Applied Physics Letters, 15 May
1975.

32, Davies,.J. Brian, "A Least-Squares Boundary Residual Method for the
Numerical Solution of Scattering Problems,'" IEEE Transactions on
Microwave Theory a.d Techniques, Vol. MIT-21, No. 2, Feb 1973,
pp. 99-104,

33. DiDomenico, Jr., Mauro, "Wires of Glass," Industrial Research,
August (1974), pp. 50-54..

34, Drexhage, Karl H., "Monomolecular. Layers and. Light," Scientific
American, March 1970, pp. 108-119.

35. Fang, D. J., "Scattering From a Perféctly Conducting Sinusoidal
Surface," IEEE Transactions on Antennas and Propagation, May 1972,
pp. 388-390.

36, Féry, M. C., "Propriétés Sélectives Des Corps Noirs Employés. Comme
Réecepteurs Dans La Mcsure-De L'Energie Rayonnante. Et Consequences
Qui_En_Decoulent," J. de Phys., 8:1909, 758-70.

102




REFERENCES (Cont'd,)

37.

39,

40,

TTRAT TATIAAT TR AR

R
£
o

- 46,

47 ..

48.

Lustafféon, Keaneth, "Optical Diodes,” NASA. Technical Memorandug
No. NASA IM=X-6Z, 2G9, Op, Cit,

Havrington, Roger F., "Matrix Methada for.field Problems," Froec, of
the TEEN, Vol, 55, No. 2, VFeb. 1967, pp. 136149,

llaynos, J., ot al,, "Ihe Comsat Non-Reflective Silicon Solar Cell: —-
A Sccond Generation Impfovcd.Solar‘Cell,” presénted at Int'l Conf,
on Thétovoltaic Power Generation, Hamburg, Germany.,, Sept 25-27,
1974,

Heller, Wilfred, "Theoretical Investigations on. the Light Scattering
of Spheres. XVI. Range of Practical Validity .of the Rayleigh-Theory,'
The J. of Chemical Physics, Vol. 42, No. 5, March 1, 1965, pp. 1609~
1615,

Hsiao, Henry §., Susskind, .Charles, "Infrared and Microwave .Communi=
cation by Moths,! IEEE Spectrum, March 1970, pp. 59-76,

Ikuno,. Hiroyoshi and Yasuura, Kamenosuke, "Improved. Point-Matching
Method with. Application to Scattering from a .Reriodic Surface," IEEE
Transaction on. Antennas and. Propagation, Vol. AP-21, No. 5, Sept
19723, pp. 657-662.

Javan, Ali, "Optical Diodes,' NASA lTechnical-Memorandum, No. NASA
TM~X~62,269, Op, Cit..

Kerker, M., et al., "Light. Scattering from Infinite Cylinders.. .The .
Dielectric-Needle-Limit," J. Opt. Soc. Amer., 50(9), Sept 1970,

pp..1236-39,

Kerker, M., Cooke, D. Farone, W. A. and Jacobsen, R, A., "Electromag-
netic Scattering from an Infinite Circular Cylinder at. Oblique
Incidence. 1I. Radiance Functions for m = 1.46," J. of the Uptical
Society of America, Vol, 36, No. 4, April 1966, pp. 487-491.

Kiely, D. G., Dielectric Aerials, [London; Methuen, 1953].__

Koltun, M., M., "Selective Goating with a Variable Ratio of Integral
Optical Cdefficients,”.Ge;iotekhnika (Applied Solar Energy, USSR),
Vol. 8, No. 5, 1972, p. 38,

Lee, Shung-Wu, "Electromagnetic Reflection from.a Conducting Surface:
Geometrical Cptics Solution," IEEE Trans. Antennas and Propagation,
Vol. AP-23, No. 2, March 1975, pp. 184-190,

103

- I S



~ T

49.,

50,

51.

52,

53.

54,

55.

56.

57.

58.

59.

60..

TR s e

REFERENCES (Cont'd,)

Mahan, A, I., "Far-Field Diffraction and. Boresight Error Properties
of a Two-Dimensicnal Wedge," J. Opt, Soc. Amer,, 49(6), June 1959,
pp. 535~56, )

Matarrése, L. M. and Evenson, K. M., "Improved Coupling to Infrared
Whisker Dicdes by Use of Antenna Theory," Appl. Phy, Lettérs,
Vol. 17, No. 1, July 1, 1970, pp. 8-10, .

Mckinney, Jr., Chester M., '"Dielectric Waveguides and Radiators,"
Clearinghouse for Féderal Scientific and Technical Information
(unclassified) #AD 634 792, Dissertation for Degrée of Doctor of
Phiilosophy, University of Texas (1950).

Méécham, W. C., "Variational Method for the Calculation of the Distri-.
bution of Ern2rgy kefléected from a Perlodic Surface. I.," J. of Appl.
Phys., Vol. 27, No. 4, April 1956, pp. 361-367.

Millar, R. F., '""The Rayleigh Hypotheésis and .a Related Least-Squares
Solution to Scattering Problems.for Periodic. Surfaces .and Other
Scatterers," Radio S¢ience, Vol. 8, No. .8, 9, Aug-Sept 1973,

pp. 785<796,

Millar, R. ¥., "Singularities of Two-Dimensional Exterior Solutions -
to the Helmholtz Equation," Proc. Camb Phil, Soc., Vol. 69, (1971),
pp. 175-188..

Millar, R. F., "On the. Rayleigh Assumption in Scattering by a
Periodic Surface. II.," Proc. Camb, Phil, Soc., Vol. 69, (1971),
pp.. 217-225,

Millar,.R. F., "On the Rayleigh Assumption .in Scattering by.a
Periodic Surface," Proc. Camb. Phil. Soc¢., Vol. 65, (1969), pp. 773~
791. .

Mueller, G. E. and Tyrrell, W..A., "Polyrod Antennas," Bell Syst.
Tech, J., Vol. 26, (1974), pp. 837-851.

Mueller, G.. E., "Microwave Directive Antenna," United States Patent
Office, Aug 12, 1947, No. 2,425,336,

Ornstein, L. S. and Van .Der.Burg, A., "Reflectivity of Corrugated
Surfaces," Physica, Vol. IV, No. 11, Dec 1937, pp. 1181-1189.

Peak’, H., J., NASA, GSFC, Private Communications to Frof. R..L. Bailcy,
Nov.-21, 1974,

104




B i

REFERENCES (Cont"d.)

61,

()2!

63,

64 .

65.

66, .

67.

68.

70.

71,

72.

Ramon, Simon. and whinnery,_dohn R., Ffields and Waves 1in Modern Radio,
Second Edition, [New Youk, N. Y.: John Wiley & -Song, lnc., 1953], .

Rawson, Nric G., "Theory of Scabtering by Finite Di¢lectric. Needles -
Tiluminated Parallel to Their Axes," J. of the Optical Society of
America, Vol. 62, No. 11, Nov.l972, pp. 1284-1286 .—

Rayleigh, Lord, "On.the Dynamfcal Theory of Gratings," Proceedings of
the Royal Society, series A79 (1907), pp. 399-416..

Rayleigh, Lord, "On the Passage of Electric Waves through Tubes, or —
the Vibrations of Dielectric Cylinders," Phil..Mag. S: 5., Vol. 43, .
No. 261, Feb 1897, pp. 125-32.

Robinson, N., Solar Radiation [New York, N. Y.: American. Elsevier
Publishing Co., Inc., 1966]. .. .

Santala, Teuvo, "Intermetallic Absorption Surface Material Systems.
for -Cellector Plates,'" Proceedings of the Workshop on Solar Collectors
for Heating and Cooling of Builaings, Now.21-23, 1974, pp. 233-235.,

Seraphin, B.. 0., "Selective Surfaces for Photothermal Solar Energy
Conversion Manufactured by Chemical Vapor Deposition,' Workshop-
Proceedings, Photovoliaic Conversion of Solar Energy for Terrestrial
Applications,. Vol. 1T, Tavited Papers. Oct 23-25, 1973,_pp. 80-81.

Sinor, T. B. A., "The Scattering of. Electromagnetic.Waves by a.
Corrugated Sheet,' Canadian J. of Physics, Vol. 37, No. 7, July
1959, pp. 787-797, and.Correction in Letter to the. Editor, pp.
1563-1565 and 1572,

Southworth, G. C., '"Directive Microwave Radio Antenna," Unitéd States
Patent Office, Feb 1,.1949, No. 2,460,401,

Small, J. G., Elchinger, G..M., Javan, Ali, Sanchez, Antonio.,
Bachner, F. J., and Smythe, D. L.,."Ac Electron Tunneling at Infrared
Frequencies: Thin-Film M-0-M Diode Structure with Broad-Band
Characteristics,'' Appl. Phys. Letters, Vol. 24, No. 6, March 15,
1974, pp. 275-279.

Tani, latsuo, Electrotechnical Laboratory,_Tanashi,_Tokyo, Japan, .
private Communication to Prof. R, L. Bailey, June. 28, 1972, e

Thornton, b. S., "Limit of the Moth's Eye Principle and Other Impedance-

Matching Corrugations for golar~Absorber Design," J. of Optics, V.. 65,
March 1975.

105

JENEIOPNY

ot

e




REFERENCES (Cont'd, )

73, Tyu, Bor-loug and Schwarz, S, &,
Whisker Anteanas Near 10.6 u,"
June 15, 1975, pp, 672-675,

» "Properties of Infraped Cat-
Appl. Phys, Letters, Vol, 26, No, 12

g 74, Twu, Bor-loug and Schwarz, S. .E., "Mechanism and Properties.of Point-
Contact Metal-Tnsulator-Metal Diode Detectors at 10.6 u," Appl, Phys,
- Letters, Vol, 25, No. 10, Novv15,_l974kwgpt 595-598,

75, Van.der Ziel, A., "Infrared Detection and Mixing in Heavily Doped
Schottky Barrier -Diodes," submitted May 30, 1975 to J. Appl, Phys,

76. Weit, James R., "Scattering of a Plane Wave from a Circular Dielectric

n J. of Phys., Vol. 33, 1955,

Cylinder at.Oblique Incidence," Canadia
pp.-189~195, :

77.. Wilton, Donald R. .and Raj Mittra, "A New Numerical Approach to the
Calculation,of'Electromagnetic-Scattering-Properties of Two~Dimen-
sional Bodies of.Arbitrary Cross Section," IEEE Trans. Ant. & Prop.,
Vol. AP20, No. 3, 1972, pp. 310-317,

78. Young, Richard W., "Visual Cells," Scientific American, Oct 1970,
pp. 81-91,.

79+ Zaki, Kawthar A. and Neureuther, Andrew R., "Scattering from a Perfectly
Conducting Surface with a Sinusoidal Height Profile: . TM Polarization,"
IEEE Trans. on Ant, & Prop., Vol. AP-19, No. 6, Nov 1971, pp. 747-651,

80. Zaki, Kawthar A. and Neureuther, Andreyw R., "Scattering from a Perfectly
Conducting Surface with a Sinusoidal Height Profile: TE Polarization,'"
LEEE Trans. on Ant. & Prop., Vol. AP-19, No. 2, March .1971, pp. 208-214,

81, ~—- Catalogs, Emeérson .& Cumming,

Inc., Microwave Products Div,.,
Canton, Mass.

82._ ~~- NSF/NASA Solar Energy Panel, Solar Energy as a National Energy
ReSOurCé,‘DecémberA1972, NTIS deocument.No.. PB 221-659, -

83, -—- ”RefErence.Enengy Systems and Resource Data For Use in the
Assessment of Enérgy Technolcgies," "submitted to the Office of Science
and Technology, Executive Office. of the. President, Contract 0ST-30,

ASSociatEd~Universities,“Inc. Upton, New York 11973, Document No,
AET-8, April 1972,

106




APPENDIX.
Régearch Results On Fire Ant Aiténna

Proxlmal .séction - Coneists of one long, segment length A80ym,. dlamétér

38um_to 73 m; 130 sensilla arrayed in an apparently random manner. —-
and. with no specific orientation. Mean separation between. sénsilla

34um; length of sensilla 37um to 105um

Center section - Consists of 7 segments - length 410um and diameter

of 28 to 63um; length of sensilla. 18 to 58um; arrayed in a.zig-zag
'} [ 4

manner .\(’ \ 7 ;"3, mean separation between rows on each segment

48ym.

Distal section - Consists of 2_segments - length 480um. Densely

populated with sensilla - still being studied.

Conclusion - -Since the center .section functions in trail following
(narrow trail of scent laid by worker ants), and possésses an array
arrangement, the.2 A criteria for dielectric waveguides was applied
to the zig-zag sensilla . .—.

Max 58 = Min 18 = 40pm = 4g§m-= 20um

Experimental proof

Trail following scént from the fire. ant was.put into the interferometer
source .cell and modulated._at 15 cps, the vibration frequency of. the
fire ant antenna. A.sharp high intensity maserlike line emitted at
19.05um. The intensity of-the line could.be increased by 20-fold by
irradiating it with a sunlamp. According.to NASA SP-8005 there is .
1.86 x 10—2 VJ-"zum—l spectral irradiance from the suun at 19um X., at

a brightness temp. of 4675 T(K).
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Candleé ckpériment

The line 19.05 was noted as coming from a candle flame.

a candle was cut so that 1t was 1/4 inch.above tlie floor.

. Aécordingly

Ants

released three feet from the candle went.directly to the candle and..

ran round and round the flame in thé same manner.as moths fly to a

candle. When a kerosene glass mantle was put over the flame so that—

the visible light passed, but.the far IR was blocked, ants ignored

the flame. Since a candle 1s.analogous to the sun, this is further

proof that the sun can be tuned .to by dielectric spines. ..

Attraction.of Fire Ant to Candlelight (50_Ants)

Response time in sec.

Min. Max.
Candle alone - 7 16
Glass mantle over candle None . None
IR Transmitting plastic mantle . 9 15
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